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PREFACE 

This  edition contains papers  devoted to  various problems in the 
biochemistry of the nervous sys tem.  The majori ty  of them consis ts  of 
rev ised  and supplemented scientific lec tures  which I delivered at var ious 
biochemical conferences and symposia  held in the Soviet Union and abroad. 
Some papers ,  such a s  the f i r s t ,  th i rd ,  and sixth, a r e  comprehensive 
reviews of the r e sea rches  of foreign and Soviet investigators on the 
metabol ism of the nervous sys tem,  and especial ly  of the brain in  var ious 
functional s ta tes .  The second paper deals  with biochemical problems of 
the nervous sys tem.  One paper charac te r izes  var ious sections of the 
nervous sys tem,  another descr ibes  the use of radioactive isotopes in this  
a r e a .  Next follow papers  dealing with the nervous sys tem of hibernating 
animals ,  the activity and localization of enzymes of var ious subcellular 
ce reb ra l  f ract ions (separable  by electrophoresis  in agar  gels) ,  and the use 
of neurotropic drugs to  elucidate the metabolism of the higher divisions 
of the brain endowed with psychic activity. Most of the data presented 
were obtained by the author and his  col laborators  in the Laboratory 
of the Biochemistry of the Nervous System of the Institute of Biochemistry 
at the Academy of Sciences of the Ukrainian SSR. 

Academician A. V .  Palladin 
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T H E  METABOLISM OF THE BRAIN IN VARIOUS 
FUNCTIONAL STATES* 

Pavlov 's  school of physiology i s  based on the principle of unity and 
plasticity of the l ivingorganism,  in i t s  interactions with the changing 
environment, which affects its s ta te  of development as w e l l  a s  the changes 
of functional propert ies  and form i n  both ontogeny and phylogeny. 

complex sys tem consisting of numerous interlinking par t s ,  compris ing 
an integrated entity which ex is t s  in equilibrium with i t s  environment" / 1 1 .  

and i t s  interactions with the external  and internal millieu a r e  controlled 
by the cent ra l  nervous sys tem and by i ts  youngest phylogenetic par t  - t he  
ce reb ra l  cor tex.  According to  Pavlov the nervous sys tem integrates  the 
activity of the organism and controls i ts  interaction with the environment 
with which it i s  in equilibrium. Pavlov 's  concept agrees  with the teaching 
of Engels, who s ta tes  that the main feature of ver tebra tes  i s  the cent ra l  
position occupied by their  nervous sys tem,  which organizes  and d i rec ts  
bodily functions according to the a r i s ing  need 1 2 1 .  

Any living process ,  be it t i ssue metabolism or the most complex 
psychic activity, is regulated by the ce reb ra l  cor tex.  

Metabolic studies of the brain a r e  indispensable for  the understanding 
of i t s  nervous activity. Pavlov emphasized that a t rue  theory of all  nervous 
phenomena can be obtained only upon studying the physicochemical processes  
taking place in nerve t issue 1 3 1 .  He further s t r e s sed  that understanding the 
processes  of excitation and inhibition, which a r e  charac te r i s t ic  of a l l  
nervous activity, depends mainly on our  knowledge of physics and chemistry.  
Thus,  the importance of metabolic studies of the nervous sys tem and especially 
that of the brain,  becomes apparent. The objective is to  study 
the role  of metabolic processes  and their  effect on the var ious functions of 
the nervous sys tem.  

various functions of the nervous sys tem.  Pavlov 's  "functional biochemistry" 
entai ls  the investigation of metabolic processes  of the brain and the i r  
effect  on nervous activity. 

the bas i s  of all living processes .  He wrote: "Life consis ts  of the turnover 
of proteins .  With the cessat ion of protein turnover  life ceases"  141. 

of Sciences of the Ukrainian SSR have been engaged for  s eve ra l  yea r s  in 
biochemical investigations of the nervous sys tem,  with par t icular  emphasis  
on the brain in i t s  var ious functional s ta tes .  

According to  I .  P. Pavlov, . . "the living organism is an ex t remely  

In higher organism,  and especially in man, the integrity of the organism 

The ultimate goal, a s  yet unattained, is to define biochemically the 

Engels proposed the modern mater ia l is t ic  concept of metabolism a s  

We (Palladin e t  al .  ) of the Institute of Biochemistry of the Academy 

* Revised article from Vtsrnik Akademii Nauk SSSR N o .  10:37-fi2 1952. 
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In our s tudies  w e  have attempted to determine the chemical  composition 
of var ious functionally different brain sect ions and to  ascer ta in  whether the 
development of a function may affect the chemical  composition of a given 
sect ion.  We a lso  wished to  determine whether there  ex is t s  a correlat ion 
between the function of the var ious brain sect ions and their  chemical  
composition. W e  have attempted to show how various fac tors  which affect 
the activity of the brain a s  a whole may influence metabolic changes in 
var ious brain sect ions.  Finally, w e  have attempted to determine whether 
metabolic processes  in the brain,  such a s  carbohydrate metabolism, a r e  
s imi l a r  to  those in other  t i s sue  151. 

W e  f i r s t  focused our attention on the protein metabolism of the brain 
a s  a function of i t s  activity. The importance of proteins  to  life has  been 
c lear ly  shown by Engels, who wrote: "Wherever w e  encounter life, w e  find 
i t  connected with some protein; wherever  w e  find any protein which is not 
in the process  of decomposition, w e  encounter life" 1 6 1 .  

nervous sys t em.  A .  Ya. Danilevskii w a s  one of the f i r s t  to recognize the 
importance of proteins in the function of the brain.  In his paper ,  
"Phosphoproteins of the Brain" (Fosfor is tye belki mozga) published in 
1891, he wrote: "Modern biological chemis t ry  has  f i rmly  establ ished the 
fact  that proteins  play a cent ra l  ro le  in the life processes  of the cell .  
in a l l  i t s  manifestations depends mainly on the presence of proteins with 
the i r  charac te r i s t ic  proper t ies .  Although other organic  compounds may a l so  
play a ro le  in the activity of the cell, i t s  biological function is due almost  
exclusively to  the presence of a var ie ty  of proteins" 171.  

regions of the nervous sys tem differ in their  protein and lipid contents. 
The more  complex the function of the region, the higher i t s  protein content. 
According to Petrovski i  (1873) ce reb ra l  g ray  mat te r  contains 55.3 % 
protein, whereas  white mat te r  contains only 24.7%. Lents (1919) 
found 42.2 70 protein in  the gray  mat te r  of the brain,  and only 39 % in the 
gray  mat te r  of the subcort ical  ganglia. Slovtsov and Georgievskaya 
(1922) reported the following protein concentrations in var ious regions of 
the nervous sys tem:  the spinal cord - 3 170, the sciat ic  nerve - 29 70, the white 
mat te r  of the ce reb ra l  hemispheres  - 33 70, and the c e r e b r a l  cor tex - 51 70. 
Thus i t  is seen  that the gray  mat te r  of the ce reb ra l  cor tex is r ichest  
in  protein. 
cord,  and finally by the per iphera l  nerves .  These data es tabl ish the important 
role of proteins in the cent ra l  nervous sys tem.  

There  is a direct  correlat ion between protein and water  content in the 
cent ra l  nervous sys tem.  However, lipid content va r i e s  inversely with 
protein concentration. Thus, the per ipheral  nerves  have the highest lipid 
content followed by that of the spinal  cord .  The  lowest lipid content is found in 
the brain.  The white mat te r  of the brain,  which consis ts  of nerve f ibers ,  
has  a higher lipid content than the g ray  mat te r  (the cortex) ,  which consis ts  
mainly of nerve ce l l s .  

nitrogenous compound of grea t  importance in musc les )  in  brain sect ions 
of cows, dogs, rabbi ts ,  r a t s ,  guinea pigs, pigeons, and l izards ,  and found 
/ 81 that the distribution of these substances is identical in a l l  these phylogeneti- 
cal lydifferent  animals .  The highest protein and water  contents w e r e  found 

There  is no doubt that proteins  play an important ro le  in the cent ra l  

Life 

D. Petrovski i ,  B.  Slovtsov, and A.  Lents have shown that different 

This  is followed by the white mat te r ,  then by the spinal 

We studied the protein, water  and crea t ine  contents (the la t ter  is a 
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in the gray  mat te r  of the ce reb ra l  hemispheres ,  followed by the cerebel lum 
and the white mat te r .  The creat ine content was highest in the cerebel lum, 
followed by the cortex, the white mat ter  of the ce reb ra l  hemispheres  and, 
finally, by the corpus cal losum. 

These differences in protein, water ,  and creat ine contents a r e  most 
pronounced in mammals ,  which have the most highly developed cent ra l  
nervous sys tem.  They a r e  l e s s  pronounced in birds ,  whose nervous sys tem 
is l e s s  differentiated. 

by that of l i zards ,  birds ,  r a t s ,  guinea pigs, dogs, ca t s ,  and lastly, cows. 
Thus,  there  is a gradual decrease  in creat ine content f rom the f rog  to  the 
cow (the fish a r e  an exception). 

In o rde r  to confirm the conclusion that there  is a correlat ion between 
nerve function and protein content, w e  studied the chemical  composition 
of var ious sect ions of the cent ra l  neivous sys tem which were s imi l a r  or 
closely related histologically but differed functionally and phylogenetically. 
These sect ions included the gray  mat te r  of the ce reb ra l  cor tex,  the 
subcort ical  ganglia, the cerebel lum, and the spinal cord .  The gray  mat te r  
of these sect ions consis ts  of nerve cel ls ,  which means that they w e r e  
c losely related histologically. However, they differ in function and 
phylogeny . 

Studies on the s t ruc ture  of these sect ions of the gray  mat te r  have shown 
that they differ in chemical  composition 191. They gray  mat te r  of the 
ce reb ra l  hemispheres ,  which is philogenetically the youngest region (1. e . ,  
belonging to the la te r  s tages  of evolution), and functionally the most  
complex, has  the highest protein content. The gray  mat te r  of the cor tex  
of the cerebel lum and that of the subcort ical  ganglia contains less protein, 
while that of the spinal  cord has  the lowest protein content. 

spinal  cord,  which is phylogenetically the oldest and functionally the least  
complex region, has the highest content of phosphatides and cholesterol ,  
while the g ray  mat te r  of ce reb ra l  cor tex has the lowest content. 

sys tem since the most complex and phylogenetically the youngest regions of the 
nervous sys tem a r e  the r ichest  in proteins. They also show that lipids a r e  
not charac te r i s t ic  for highly differentiated s t ruc tu res  and apparently do not 
play any specific role  in the most complex regions of the brain.  E a r l i e r ,  
however, when the brain or the spinal  cord w e r e  studied a s  an entity, and 
it was shown that brain t issue was r icher  in lipids than any other t issue,  
it was concluded that lipids w e r e  the charac te r i s t ic  compounds of nerve 
t issue and that they were specifically linked with functions of the higher 
brain regions.  

f rom that of the cent ra l  nervous sys t em.  
of the sympathetic and parasympathetic nervous sys tems,  which differ in 
function, a l so  differ in chemical  composition. 

The chemical  composition of the spinal  cord ganglia, of pa r t s  of the 
autonomous nervous sys tem (the per ipheral  ganglia and sympathetic t runk)  
and of the efferent pathways of the per iphera l  nervous sys t em w e r e  studied. 
These studies showed that here  a l so  the phylogenetically youngest regions 
a r e  the r iches t  in nitrogenous mat te r  and in water / l o / .  
nerves ,  which a r e  phylogenetically the oldest, have the lowest protein 

The highest creat ine content was found in the brain of f rogs,  followed 

The distribution of lipids is ent i re ly  different. The gray  mat te r  of the 

These resu l t s  show that proteins play an important role  in the cent ra l  nervous 

The chemical  composition of the autonomous nervous sys tem differs 
Likewise, the per iphera l  ganglia 

The per iphera l  

3 



content, while the roots  of the spinal  cord ,  phylogenetically younger, are 
r icher  in protein and cholesterol .  The youngest region, the sympathetic 
t runk,  consis t ingmainlyof  nonmyelated f ibers ,  has the highest protein content. 
The oldest region, the ganglia of the spinal cord,  is the r ichest  in 
cholesterol, lecithin and cephalin. In other r e spec t s  it is s imi l a r  to the 
ganglia of the autonomous nervous system.- 

These studies a l so  showed that the per ipheral  nerves ,  which are 
anatomically a continuation of the anter ior  and poster ior  roots  of the spinal  
cord,  differ f rom the la t ter  in chemical  composition; also, that the axial 
cylinders of the nerves ,  which comprise  the processes  of nerve ce l l s ,  differ 
i n  chemical  composition f rom the nerve cel ls  proper .  In a l l  ca ses  a 
difference in function correlated with a difference in chemical  composition. 

The chemical  composition of the en t i re  brain and of i t s  individual par t s  
depends not only on the phylogenetic development, a s  shown by the r e su l t s  
of s tudies  on the chemical  composition of the brain of animals  of different 
phylogenetic development, but a l so  on the stage of embryonic development. 
Our  s tudies  showed I l l /  that during embryonic development, the protein, 
creat ine,  and water  contents of the brain and of i t s  var ious pa r t s  gradually 
decrease .  In some animals ,  such a s  cows, the content of these three  
substances reaches  the level  charac te r i s t ic  of the adult brain during the 
seventh month of embryonic development. In o thers ,  such a s  rabbi ts  and 
guinea pigs, the composition of the brain continues to  change during the 
f i r s t  month af ter  birth, attaining the charac te r i s t ic  adult level only a t  the 
end of the f i r s t  month. 

differ in chemical  composition s ta r t ing  with the third month of embryonic 
development. W e  found that at that t ime the cerebel lum had the highest 
creat ine content and the brain s t em had the lowest protein and water contents 
a s  compared with other par t s  of the nervous sys tem.  W e  did not study 
the brain of embryos  at earlier s tages  of development. These  r e su l t s  have 
discredi ted the prevailing view that there  are no differences in the chemical  
composition of brain components pr ior  to myelination (that i s ,  until the 
final s tages  of embryonic development) o r  even t i l l  b i r th .  W e  found that 
embryonic brain divisions differ in the i r  chemical  composition long before 
myelination. 

Our studies  on the effects of vitamin deficiency a l so  showed a correlat ion 
between functional changes and the biochemical processes  taking place in 
the brain.  When pigeons w e r e  deprived of vitamin B1 they developed 
polyneuritis, with charac te r i s t ic  functional aber ra t ions  of the nervous 
sys tem.  It was found that the creat ine content of the brain changed 
proportionally with the degree of aberrat ion - the  more  seve re  the 
aberrat ion the higher the content of creat ine.  The change in c rea t ine  
metabolism w a s  most pronounced during the spast ic  form of polyneuritis 1121. 

In experimental  scurvy,  another vitamin deficiency d isease ,  functional 
changes of the nervous sys tem differed f rom those observed in polyneuritis. 
Therefore ,  no change was observed in the creat ine content o r  metabolism 
in the brain 1131. Thus,  creat ine metabolism in the brain is disturbed 
only in those vitamin deficiencies accompanied by a disturbance in brain 
function, when the cent ra l  nervous sys tem is in a s ta te  of excitation. 

During s tarvat ion the protein metabolism of the brain is al tered.  
Degradation processes  decrease  in the gray  mat te r  of the c e r e b r a l  

Studies of the brain of cow embryos have shown that i t s  var ious regions 
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hemispheres  and increase  in the white mat te r  / 141.  Brain t i s sue  becomes 
r icher  in creat ine and the water  content increases ,  causing the weight of 
the brain to remain  unchanged. This  l e d  e a r l i e r  invest igators  to  the 
e r roneous  conclusion that brain metabolism did not change during s tarvat ion.  
Aside from al terat ions in nitrogen and protein metabolism, s tarvat ion a l so  
produces dis turbances in carbohydrate and lipid metabolism. 

Brain creat ine metabol ism is dependent on the seasons  of the year .  
Experiments  with pigeons showed that in the spr ing  the c rea t ine  content of 
the brain differs  f rom that in  the fall. We a lso  found that the brain of 
pigeons killed in  March o r  the beginning of April contained m o r e  water  and 
had a higher r a t e  of proteolysis  than of those killed in June. 

Similar  data w e r e  obtained in experiments  with rabbi ts .  The brain of 
rabbi ts  contained more  creat ine in  the fall  than in spr ing.  The same  was 
found to  be t rue  of rabbit embryos .  Thei r  water content a l so  differed 1151. 

components was determined.  It may be assumed that functionally different 
regions of the cent ra l  nervous sys tem contain different amounts of protein 
which a r e  specific for  the given region. Therefore ,  w e  attempted to 
fractionate the brain proteins and study the individual f ract ions.  

globulin) f rom the brain.  Danilevskii a lso paid much attention to  the 
s tudy of brain proteins .  He w a s  the f i r s t  to develop a method for  the 
fractionation of brain proteins .  In 1919 he isolated neuroglobulin f rom 
brain t issue and showed that it contained phosphorus. He a l so  isolated 
neurostromin (1919). The method developed by Danilevskii for  the 
fractionation of brain proteins was used by him and other Russian scient is ts ,  
such a s  N .  Shkarin, and A. Lents, to  determine the content of newoglobulin 
and neurostromin in functionally different sect ions of the human bra in  and 
of the bra ins  of var ious animals  of different ages .  

In spi te  of these s tudies ,  t i l l  now the a r e a  of brain t i s sue  proteins  has  
not been studied sufficiently. This  is probably due to  the difficulties 
encountered in s tudies  of this  kind. Pro te ins  of nerve t i s sue  a r e  bound t o  
lipids, forming lipoprotein complexes. In addition, these proteins  form 
ext remely  unstable colloids. 

In o rde r  to  study the protein composition of the var ious brain sect ions,  
we f i r s t  decided t o  separa te  the proteins extracted f rom brain t i s sue  into 
a sma l l  number of f ract ions,  using methods in which protein denaturat ionwas 
minimum and separat ion from lipids was complete. 

The proteins w e r e  extracted from brain t i s sue  with water ,  a 4.570 
solution of potassium chloride, pH 9.1,  and a 0.1 N solution of sodium 
hydroxide. In this  manner  w e  obtained three  protein fractions, which 
differed f rom each  other  in their  isoeletr ic  points / 1 6 / .  When experimental  
conditions w e r e  kept constant w e  found that w e  obtained s imi l a r  amounts of 
protein fract ions in successive experiments .  Thus,  the quantitative 
determination of protein content became feasible. 

white, indicating that the white and gray  mat te r  of the brain have different 
protein compositions. 

Table 1 shows that in  the white mat te r  water extractable  f ract ions 
compr ise  a little more  than 19% of a l l  nitrogenous mat te r  while in the 
g ray  mat te r  they compr ise  about 31 7'. Thus the gray  mat te r  is r i che r  in 

In all of these  experiments  the total  protein content in the different brain 

In 1873 D. Pe t rovski i  isolated severa l  protein fract ions (albumin and 

We found that the protein content of the gray  mat te r  differed f rom the 
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water-extractable proteins, such a s  albumins and probably globulins. The 
white and gray  mat te r  a r e  s imi l a r  in the i r  content of proteins  extractable  
with potassium chloride and sodium hydroxide, but differ sharp ly  in their  
content of proteins  which remain  a s  insoluble res idue .  

TABLE 1. The protein content of separate fractions in thc whitc and gray matters of the brain 

Protein fraction 
nitrogcn, ?,of total  nitrogen 

~~~~ ~ ~ I Gray inattrr  White mattcr 

I 
Extractcd with water (albumin and globulin 

mixture) . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Extractcd with 4 .59KCl(pH 9.1) . . . . . . . . . . . .  
Extractcd with 0.1 N NaO1-l. . . . . . . . . . . . . . . . .  
Insoluble rcsidue. . . . . . . . . . . . . . . . . . . . . . . .  

19.6 
23.6 
34.7 
22.0 

31.0 
28.3 
36.3 

5.0 

Thus, the gray  and white ma t t e r s  of the brain differ f rom each other  not 
only in total  protein content but a l so  in the nature  of their  proteins .  The 
g ray  mat te r  is r i che r  in water-soluble proteins and poorer  in insoluble 
res idue  . 

When it w a s  found that muscle  myosin displayed adenosine triphosphatase 
activity /17/, investigations were begun to see  whether this  activitycoul be found 
in the s t ruc tu ra l  proteins  of other t i s sues .  Such proteins have also been 
isolated f rom brain t i s sue  / la / ,  and their  hydrolytic activity on adenosine 
triphosphate ( A T P )  has  been elucidated. 

a r e  mixtures  of nuclear  and cytoplasmic nucleoproteins, their  adenosin 
triphosphatase activity cannot s e rve  as a cr i te r ion  of the i r  purity. 
Therefore ,  w e  found it necessary  to  study in detai l  the s t ruc tu ra l  proteins 
of the brain with respec t  to  the i r  chemical  composition and enzymatic 
activity. We found that s t ruc tura l  brain proteins  a r e  an ar t i fact  obtained 
during protein extraction - tha t  they consist of a mixture  of nuclear de- 
oxyribonucleoproteins and cytoplasmic and nuclear ribonucleoproteins - 
which contain adsorbed enzymes and lipoproteins. Adenosine triphosphatase 
activity did not charac te r ize  brain proteins any more  than did the activity 
of other  enzymes such a s  amylase,  phosphatase and succinic acid 
dehydrogenase. 

It is c l ea r  that neither the amount of this  protein nor  i t s  enzymatic 
activity can s e r v e  as a c r i te r ion  for  studying the functional s ta tes  of the 
nervous sys tem 1191 .  For such s tudies  the proteins  should not be isolated 
f rom the whole brain t i s sue  but f rom i t s  isolated morphological e lements .  
Likewise a detailed study of brain t i s sue  proteins  and in par t icular  of 
ribonucleoproteins, is of great  importance s ince such proteins  play a 
significant ro le  in the activity of the nervous sys tem.  

Numerous s tudies  have confirmed the significant ro le  of ribonucleic acid 
and ribonucleoproteins in living organisms and in  the nervous sys tem.  
It has  been shown that the ribonucleic acid content of nerve  ce l l s  dec reases  
sharp ly  following vigorous cell activity o r  af ter  excision of the 
corresponding axons. It a l so  changes during nerve regenerat ion 

Since the s t ruc tura l  proteins of a number of t i s sues  (l iver,  kidney, e tc .  ) 
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(Khiden, Bodian). In these investigations the microscopic method was 
used. Biochemical studies have not yet been conducted on ribonucleo- 
proteins  of the nervous sys tem.  There  is  no doubt that such studies a re  
of grea t  importance. 

W e  isolated a ribonucleoprotein f rom the gray  mat te r  of brain and 
studied some of i t s  propert ies  / Z O / .  This  brought us  a s t ep  c loser  to  our 
objective of finding a correlat ion between the physiological activity of the 
nervous sys tem and ribonucleoprotein metabolism. It became apparent 
that the cytoplasmic ribonucleoprotein is a genuine nucleoprotein with a 
s t rong  bond between the ribonucleic acid and the protein (the ra t io  of N to 
P is 8 ) .  The protein fraction of this  nucleoprotein is a lipoprotein containing 
numerous amino acids, among them arginine, tryptophan and tyrosine. 

We determined the ribonucleoprotein content in the ce reb ra l  hemispheres  
and cortex of r a t s ,  rabbi ts ,  and cows. Some of the resu l t s  of these  s tudies  
a r e  presented in Table 2.  

TABLE 2. 
in percent of fresh t i s s t i e  

Content of  t h e  soluble cytoplasmlc ribonucleoprotein in the brain of 131s and rabbits 

Object for exam ination 

Cerehral hemisphercs of 

Average . . . . . . . . . . . .  
Limits of f luctuation. . , , 

Cerrbral cortex of rats 
Average . . . . . . . . . . . .  
Limits of  f luctuation. . . .  
Cerebral cortex 

Average . . . . . . . . . . . .  
Limits of f luctuat ion.  , , . 

rats 

o f  rabbits 

Solublc rthonuclcoprotein 

Phosphorus, ‘Yo 

0 .0014 
0.0072-0.0076 

0.0016 
0.015-0.017 

0.013 
0.01 0-0. OlX 

Nitroqcii. ‘;I 

0 . O S l  
O .0RS-  o.uL‘0 

0. 1:16 
0.12!1-0.1S2 

0.10 
0.ux4-u. 1.16 

18.0 

17.2- 1 8 . R  

36.7 
95.s-39.0 

29.0 
“I. 2-  ‘14, :i 

ili boil ucleoprorein 
tiirrogen (“10 of 
total  nitrogen) 

H.4 
I .  0-9.R 

6.6 
4.9-9 1 

Aside from the cytoplasmic ribonucleoprotein which i s  soluble in physio- 
logical solutions, brain t issue also contains insoluble nucleoproteins, the 
nucleoproteins of the nucleus. To  study the nuclear nucleoproteins i t  i s  
f i r s t  necessary  to isolate the brain nuclei and to extract  f rom them the 
nucleoproteins. By using a method 1211 devised for  the separation of 
cytoplasm from nuclei in solutions of appropriate specific gravity w e  
succeeded in isolating the nuclei f rom the gray  and white mat ter  of the 
ce reb ra l  hemisphere of cows and from the whole brain of dogs. W e  obtained 
200 mg of nuclei f rom 100 g of gray  mat te r .  The yield from white mat te r  
was lower.  

shown that nucleic acids comprise  21-44 70 of all  organic compounds. 
These nucleic acids  consist of 20-3070 ribonucleic acid and 7 0 - 8 0 %  
deoxyribonucleic acid. The nuclei of dog brain contain only about 10-1570 

Studies on nuclei f rom the white and gray  mat te r  of cow brains  have 
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ribonucleic acid. The nuclei of other t i s sue  cells contain considerably less 
ribonucleic acid than do the nuclei f rom the gray  and white mat te r  of the 
brain (especially in cows - see Table  3) .  

TABLE 3. The  chemical composition of brain nuclei after lipid extraction (in weight qo 
calculated for nucleic acids and proteins containing about 16% nitrogen) 

2 

s 
6 
I 

11 

I 

c o w  

*' 

'* 

" 

" 

I 

1 Y  1 Dog 

Source o f  nuclei 

From the gray 
matter of the 
hemispheres . . 

The same . . . , 
. . . .  ,. .I 

. . . .  ., .I 

From the white 
matter of the 
hemispheres. . 

From the whole 
bra in .  . . . . . 

Total 

phorus 
phos- 

3.25 
3.60 
3.50 
4.03 

3.00 

3.51 

N: P 

5.0 
4.1 
4.7 
4.1 

5.5 

4.R 

DNA % 

21.5 
26.0 
19.1 
21.5 

27.6 

25.8 

RNA % 

11.0 
13.4 
16.3 
11.4 

l l . R  

3.0 

DNA 
RNA 
- 

1.9 
1.9 
1.2 
2.4 

2.4 

6.6 

'hospho- 
protein 

lhorus, '? 
phos- 

0.091 
0.08R 
0.1.57 
0.234 

0.118 

0.610 

Protein 
% 

67.5 
60.6 
64.6 
61.6 

60.5 

IO. 3 

Nuclear nucleoproteins contain ribonucleic acid in addition to  deoxyribo- 
nucleic acid which ex is t s  mainly a s  deoxyribonucleoprotein. Nuclear 
nucleoproteins comprise  27-41 of the total  weight of the nuclei. The ra t io  
of N to  P in the nucleoprotein is 2:2 to 3:5, which differs f rom that of 
cytoplasmic ribonucleoproteins (see Table 4).  These  s tudies  show that the 
neuroglobulin of Danilevskii is a nuclear deoxyribonucleoprotein 
and that the neurostromin is a ribonucleoprotein. 

Our work on the isolation and character izat ion of the cytoplasmic and 
nuclear nucleoproteins of brain presents  possibilities for  fur ther  r e sea rch  
in this  a r ea .  Thus it may be interest ing to  study the correlat ion between 
brain function and the metabolism of individual protein fractions, and 
par t icular ly  of the nucleoproteins. 

TABLE 4. The chemical composition of deoxyribonucleoproteins isolated from the nuclei of the  gray 
matter of the cerebral hemispheres of cows (in weight k. calculated as in Table 3) :, 1 Deox yribon!leoprotein, 

g g  

46 
12 40 

Total 

phorus 
phos- 

6.5 
7.6 
4.6 

N: P 

2.5 
2.2 
3.5 

I 

8 

DNA, 

55.6 
62.5 
41.5 

RNA, % 

8.4 
8.1 
3.8 

6.6 
7.7 
11.3 

Phosphi 
protei 
phos- 

phorus, 

0.154 
0.202 
0.104 

- 

'rotein, 
% 

36.0 
29.4 
54.6 



We have a l ready  mentioned that the brain regions which a r e  functionally 
the most complex a r e  the r ichest  in creat ine,  that the creat ine content in 
the bra ins  of var ious animals  depends on the i r  phylogenetic development, 
and that in b i rds  the differences in the creat ine content of var ious brain 
component a r e  ve ry  smal l .  

pigeons, f ish and amphibia corresponds to  the distribution of the amino acid 
arginine.  Arginine is known a s  one of the p recu r so r s  of creat ine in the 
living organism.  The arginine content of the hemispheres  of the cerebel lum, 
of the ce reb ra l  hemisphere,  and of the brain s t em va r i e s  direct ly  with the 
c rea t ine  content. The  total  arginine content of the bra ins  of various animals  
diminishes  in  the phylogenetic series 1221 .  

Carbohydrates  a l so  play an important ro le  in the cent ra l  nervous sys t em.  
They a r e  the main source  of energy in nerve t i s sue .  Although brain t i s sue  
has no considerable r e s e r v e s  of carbohydrates  (glycogen or glucose), they 
nevertheless  s e rve  the brain a s  an important source  of energy.  The 
r e sp i r a to ry  quotient of the brain equals 1; hence, oxidative processes  
proceed mainly at the expense of carbohydrate oxidation. 

In studying carbohydrate metabolism and i t s  variations with changing 
brain functions, w e  attempted to c lar i fy  whether carbohydrate metabolism 
in the brain (glycolysis) involves the participation of phosphorus, a s  in 
muscle  glycolysis, o r  proceeds by another path without utilization of 
phosphorus. 

Our s tudies  showed that glycolyis in brain t i s sue  involved, numerous 
intermediate  compounds containing phosphorus. These  phosphorylated 
intermediates  were s imi la r  to those found in muscle  glycolysis. For 
example, during embryonic development chicken brain i s  r ich  i n  a number 
of phosphorylated compounds, amongthem ATP and creat ine phosphate, 
which play an important role  in glycolysis. With the fur ther  development 
of the animal  the content of these compounds gradually dec reases .  

Analogous data  w e r e  obtained by us  with rabbi t  brains  1 2 3 1 .  W e  found 
that this  t issue contains the same  phosphorylated compounds a s  w e r e  found 
i n  muscle .  The composition and content of these compounds change i n  the 
course of ontogenetic development. 
brain contains la rge  amount of adenosine triphosphate (and also creat ine 
phosphate), which decreases  and becomes undetectable in the brainof  adults. 
This  led fo rmer  investigators to conclude that brain t issue lacks ATP and be - 
cause of this differs f rom muscle t i s sue .  The high percentage of phosphorylated 
compounds found in the brain immediately af ter  birth i s  undoubtedly due not only 
to the  morphological fea tures ,  which change during the active growth of the 
animal, but a is0 to metabolic changes which occur  before and immediately 
af ter  bir th .  The intensive glycolytic activity in embryonic brain t i s sue  
may a l so  be a factor .  

Indeed, w e  found that the glycolytic activity of brain t i s sue  changed 
during the different s tages  of ontogenetic development. Maximum glycolytic 
activity was found in the brain of embryos,  and was somewhat diminished 
in newborn animals .  Glycolytic activity dec reases  with the growth of the 
animal, soon reaching the value charac te r i s t ic  of the adult animal  brain 124. 

t i s sue  glycolysis is highest when glycolytic activity is most  intense.  These 
data  confirm that phosphorus par t ic ipates  in the carbohydrate  metabolism 

The  distribution of creat ine in various regions of the brain of rabbi ts ,  

During the f i r s t  days af ter  birth, rabbi t  

Thus, the level of phosphorylated compounds participating in brain 
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of brain t i s sue  and show that glycolysis depends on the presence of 
phosphorus. 

in the gray  mat te r  (of the ce reb ra l  cor tex)  than in the white ma t t e r .  Brair! 
t issue utilizes glucose r a the r  than glycogen 1251. In this  respec t  it differs 
f rom muscle  t i s sue  where glycogen is the source  of energy.  

We a lso  found 1 2 6 1  that oxidation-reduction react ions proceed at a higher 
r a t e  in the gray  mat te r  than in  the white. 

In o rde r  to  study the carbohydrate metabolism of the brain in g rea t e r  
detail w e  f i r s t  undertook to  study the enzymes involved in the var ious 
glycolytic s teps .  If w e  were successful  in identifying these enzymes and 
in establishing their  chemical  propert ies  and mechanism of operation 
w e  would have a c l ea re r  understanding of glycolysis in brain t i s sue .  
Moreover ,  wewould be able to  control  the glycolytic process  and direct  it 
in the des i red  paths. 

The f i r s t  glycolytic s tep,  the hydrolysis of the polysaccharide glycogen, 
is catalyzed by the enzyme phosphorylase. Glucose- 1 -phosphate is obtained. 

Our s tudies  on brain phosphorylase have shown that i t s  phosphorolytic 
activity is very  weak and that i ts  main function is concerned with the 
synthesis of glycogen from glucose- 1-phosphate. We found that phospho- 
ry lase  catalyzes  the synthesis  of s tarchl ike polysaccharides (amylase)  1271 
which are converted into the branched carbohydrates  of the glycogen type 
by the action of an i somerase ,  which may be named starch-glycogen i somerase .  

Phosphorylase and i somerase  from brain t issue can be separa ted  by 
ammonium sulfate fractionation. I somerase  activity is inhibited by sodium 
fluoride. 

Phosphorylase was discovered in 1936 and was shown to be the catalyst 
in the hydrolysis of glycogen in muscle  and l iver ,  r a the r  than amylase,  
a s  had been former ly  thought. A s  a resu l t  the presence  of amylase in 
animal  t i s sue  was completely rejected.  The old data of such Russian scient is ts  
as Ossovski i  (1919), Slovtsov (1921) and Petrunkin (1922) on the presence of 
amylase in brain t issue w e r e  forgotten. It was assumed that in brain 
a s  in other  t i s sues ,  glucose is not formed f rom glycogen by the action of 
amylase,  but by the action of phosphatase on glucose- 1 -phosphate, which is 
formed f rom glycogen by the action of phosphorylase. 

catalyzes  the hydrolysis of glycogen to form dextr ins ,  mal tose and free 
glucose. Amylase is adsorbed by brain t i s sue  proteins and can be f reed  
f rom them during autolysis. In this  respec t  it differs f rom blood amylase 
which during autolysis loses  i t s  activity. Studies on the chemical  nature 
of amylase showed that it is an albuminlike protein, called by us  
neuroalbumin 1291. 

catalyzed by amylase and that in this respec t  brain t i s sue  differs f rom 
muscle .  The synthesis  of polysaccharides in the brain is catalyzed by 
phosphorylase and i somerase .  

Glucose may be supplied to  the brain t i s sue  by the blood s t r e a m  but can also 
be formed f rom polysaccharides in the brain in the presence of amylase.  It can 
also be formed f rom glucose-I -phosphate bythe action of a specific phospha- 
tase  present  in the brain but not connected with the s t ruc tu ra l  e lements  of 
brain t i s sue .  This  phosphatase hydrolyzes glucose- 1 -phosphate to f ree  
glucose and phosphoric acid.  Brain t i s sue  also contains nonspecific 
phosphatases which hydrolyze hexose phosphates and sodium g1ycerophosphat.e. 

Glycolytic activity is not uniform in a l l  the brain t i s sue .  It is higher 

We showed 1 2 8 1  that brain t i s sue  contains a very  active amylase which 

We have shown 1301 that the hydrolysis of glycogen in brain t i s sue  is 
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How is glucose utilized by the brain t i s sue  ? In var ious t i s sues  the f i r s t  
s tage i s  usually the phosphorylation of glucose, catalyzed by hexokinase. 

Geiger, Hussack and Ochoa thought that brain t i s sue  contains hexokinase. 
However their  evidence for  i t s  presence was indirect .  Hussack thought 
that hexokinase is present  only in the gray  ma t t e r .  

it catalyzes  the ATP-dependent phosphorylation of glucose, with the 
formation of hexose-6 -phosphate. Hexokinase could be detected in animals  
f rom the f i r s t  day of life both in the gray  and white mat te r .  I t s  activity 
was  much higher in young animals  than in adults. It is possible that this 
is due to the higher glycolytic activity in the brain of young animals .  

The t ransformation of glucose - 1 -phosphate formed by phosphorolysis 
is catalyzed in the various t i s sues  by the enzyme phosphoglucomutase and 
leads to  the formation of glucose-6-phosphate. 

W e  found 1311 that hexokinase is indeed present  in brain t i s sue  where 

M 

Glucose-6- phosphate 

Respiration respiration. 
glucose 

Phosphoglucomutase is also present  in brain t i s sue  and, a s  our  s tudies  
have shown, i s  present  in animals of a l l  ages  f rom birth on. This  finding 
contradicts  the data of Shapiro and Wertheimer who reported that this  
enzyme appears  in brain t i s sue  commencing with the 10th day of life. 

In the presence of phosphoglucomutase the react ion may proceed in two 
direct ions.  Glucose- 1-phosphate may be converted into glucose-6-phosphate 
or glucose-6 -phosphate may be converted into glucose- 1 -phosphate. Since 
brain phosphorylase catalyzes  the synthesis  of polysaccharides f rom 
glucose-1-phosphate, it may be assumed that the pathway f rom glucose-6- 
phosphate to glucose-1-phosphate i s  the main react ion catalyzed by brain 
phosphoglucomutase. 

A l l  of these data  lead to the conclusion that in the brain glycogen is 
hydrolyzed in the presence of amylase to  form dextr ins ,  mal tose,  and 
glucose. Maltose is hydrolyzed in the presence  of mal tase ,  present  in 
brain t i s sue .  Glucose formed f rom glycogen and glucose obtained f rom the 
blood s t r e a m  a r e  converted into glucose-6-phosphate in the presence of 



hexokinase. Glucose -6-phosphate, in the presence of phosphoglucomutase, 
is converted into glucose-1-phosphate which may then se rve  as a subs t ra te  
for  the synthesis  of polysaccharides .  Phosphorylase catalyzes  the synthesis  
of unbranched s tarchl ike polysaccharides which in the presence of 
i somerase  a r e  converted into glycogen. 

In the schematic  representat ion of the initial s tages  of hydrolysis and 
synthesis  of brain carbohydrates  1 3 2 1  it can be seen  that glucose occupies 
the cent ra l  position in these react ions.  Glucose may s e r v e  a s  a subs t ra te  
for  the synthesis  of polysaccharides o r  a s  a source  of energy through 
oxidation or  glycolysis. 

Glucose- 1 -phosphate is the most important intermediate in the initial 
s tages  of carbohydrate metabolism in the brain.  It s e r v e s  a s  a subs t ra te  
for  the synthesis  of polysaccharides a s  well a s  for fur ther  conversions 
leading to the formation of glucose or  lactic acid (glycolysis o r  resp i ra t ion) .  

which is found i n  almost all  animal  t i s sues .  It i s  an energy  r ich  compound 
which i s  utilized for  synthetic processes  and other specific purposes .  
Hydrolysis of adenosine triphosphate i s  catalyzed by adenosine triphosphatase 
with the re lease  of energy which is s tored in pyrophosphate bonds. 
Adenosine triphosphatase has  been found in every  animal t i s sue  that has  
been studied. It i s  a l so  present  in brain t issue but has  not been closely 
investigated. W e  therefore  attempted a detailed study of adenosine 
t r iphosphatase.  

propert ies  f rom adenosine triphosphatase of other t i s sues .  In contrast  to  
adenosine triphosphatase of muscle  t issue,  which i s  activated by calcium 
ions, the brain enzyme i s  activated by magnesium ions.  Copper ions at high 
concentrations inhibit adenosine triphosphatase activity. 

compounds which could not be found in muscle t i s sue .  Since adenosine 
triphosphatase plays an important role  in glycolysis, this  inhibitory 
substance may be of great  significance in carbohydrate metabolism. 

is of great  in te res t .  Pavlov had already pointed out that var ious "anti- 
enzymes" play an important role  in the physiological processes  which take 
place in organs and t i s sues .  

and lowest in the newborn. 
triphosphatase activity gradually increases .  

Studies on adenosine triphosphatase activity in var ious brain regions 
show that it is highest in the cerebellum and gray  mat te r  of the cortex,  
lower in the medulla oblongata, and lowest i n  the white ma t t e r .  Thus,  the 
brain regions with the most  complex and important functions show the 
highest ,-.denosine triphosphatase activity (see Table 5 ) .  

Aldolase is another of the enzymes which w e  included in our s tudies  
on the carbohydrate metabolism of the brain.  This  enzyme catalyzes  the 
cleavage of f ructose-  1.6-diphosphate into two phosphate molecules .  A l l  
that was known about adolase t i l l  recently was that i t s  activity is lower in 
brain t issue than in muscle  (Meyerhoff). Nevertheless aldolase plays an 
important role  in carbohydrate  metabolism. 

Biochemists have recent ly  paid much attention to adenosine triphosphate 

W e  found / 3 3 /  that brain adenosine triphosphatase differs in some of i ts  

W e  detected in the brain a specific adenosine triphosphatase inhibiting 

The subject of inhibitors which participate in the regulation of glycolysis 

Adenosine triphosphatase activity is highest in the brain of adult animals  
With the growth of the animal adenosine 
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TABLE 5. Adenosine triphosphatase activity in various divisions of the brain (per mg of protein) 

Substrate 

Adenose triphos- 
p h a t e .  . . . . . . .  

The s a m e .  . , . . , 

Brain of cow 

Extract . . . . . . .  
Homogenate . . , 

Gray matter 
,f the cerebral 
hemispheres 

30 
31 

\Jhite matter 
Jf the cerebral 
hemispheres 

19 
16 

Cerebellum 

30 
34 

Medulla 
oblongata 

25 
27 

After obtaining aldolase in i ts  purified form and studying i t s  propert ies  1341. 
w e  found that i t s  activity is identical in the bra ins  of s eve ra l  animals  ( r a t s ,  
rabbi ts ,  dogs and cows). W e  a l so  found that functionally different regions 
of the cent ra l  nervous sys tem have different aldolase activities. The highest 
activity was found in the cerebel lum and in the gray  mat te r  (cor tex)  of the 
hemispheres .  It was lower in the white mat te r  of the hemispheres  andin the  
medulla oblongata. Here ,  too, the brain regions which a r e  functionally the 
most  complex exhibit the highest aldolase activity. 

TABLE 6. 
phosphorus per ml of homogenate, diluted 1: 100. per hr at  37'C) 

Aldolase activity i n  various divisions of the brain (in p g  of phosphotriose 

Object 

c o w  . . . . . . . . . .  
Dog . . . . . . . . . .  

Cerebral 
hemispheres 

161 
1x1 

Gray matter 
of the cerebral 

hemispheres 

183 
201  

White matter 
Jf the cerebral 

hemispheres 

61 
127 

Cerebellum 

207 
233 

Medulla 
ohlongara 

90 
- 

Aldolase activity differs in animals  of different ages .  In adult rabbi ts  
the activity is higher than in embryos  o r  in those one to ten days old 
(Table 7). This  resu l t  is somewhat unexpected. Since the highest glycolytic 
activity is found in animals  at ea r ly  s tages  of development, it was thought 
that aldolase activity would be higher in embryos  and in newborn animals 
than that in adul ts .  

Adenosine triphosphatase is a l so  less active in the brain of animals  in 
e a r l y  s tages  of development. Is this  not due to  the higher content of hexose 
phosphates and adenosine triphosphate in  the brain of younganimals, a s  shown 
in our  s tud ies?  

descr ibed in carbohydrate metabolism have different activities in the var ious 
bra in  regions.  Functionally complex regions are charac te r ized  by a high 
enzymatic activity (or a high enzyme content). Likewise, according to  our 
data, hexokinase is most  active in the gray  mat te r  of the c e r e b r a l  
hemispheres ,  followed by the cerebel lum, the medulla oblongata, the white 

The enzymes adenosine triphosphatase and aldolase that have been 
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mat te r  of the c e r e b r a l  hemispheres ,  and the spinal  co rd .  An analogous 
picture w a s  obtained in s tudies  of other  enzymes,  such as phosphorylase. 

of brain and muscle  t i s sues ,  such a s  the presence of s imi l a r  phosphorylated 
intermediates ,  the presence  of analogous enzyme,  and s imi l a r  glycolytic 
paths which utilize phosphorus, carbohydrate  metabol ism of the brain 
nevertheless  differs  in some re spec t s  f rom that of musc le .  This  is 
undoubtedly due to the specific physiological function of the brain.  Thus,  
the hydrolysis of glycogen in the brain is catalyzed mainly by amylase,  
and phosphorylase activity is directed mainly towards the synthesis  of the 
polysaccharide f rom glucose- 1 -phosphate. In these r e spec t s  brain t i s sue  
differs  f rom that of the muscle  and other  t i s sues .  In the nerve t i s sue  
glycogen is synthesized by two enzymes -phosphorylase and i somerase .  The 
main source  of energy  i n  the brain is glucose and not glycogen, a s  in 
musc le .  Brain t i s sue  contains an adenosine triphosphatase inhibiting 
substance which has  not been found in musc le .  In other  words,  the brain 
contains fac tors  participating in the regulation of carbohydrate  metabolism 
which a r e  absent f rom other  t i s sues .  These specific pecul iar i t ies  of brain 
metabolism, connected with the functional specificity of nerve t i s sue ,  a r e  
not accounted for  by foreign authors  (such a s  Meyerhoff) who, proceeding 
f rom er roneous  methodology, obtain wrong r e su l t s .  

enzymes in nerve t issue,  depending on the function of the la t te r ,  as w e l l  a s  
on the enzymatic activity in the functionally different sect ions of the brain 
during embryonic  and postembryonic development directed our  attention 
to  the possibility of a l ter ing the activity of var ious enzymes by a l te r ing  the 
environment. The possibility of a l ter ing enzymatic activity in the living 
organism by changing the environmental.conditions has been establ ished 
by Pavlov in his  s tudies  on digestion. We have shown that the enzymatic 
activity of muscles  can be al tered through t ra ining and increased muscular  
activity / 3 5 / .  The study of the alteration of enzymatic  activity in living 
organisms under var ious environmental conditions is one of the most  
important  problems of biochemistry.  

Although there  a r e  many s imi la r i t i es  in the carbohydrate  metabol ism 

Studies on the propert ies ,  the mode of action, and the ro le  of the var ious 
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TABLE 7. Aldolase activity in the brain of rabbit embryos and of rabbits of various ages 

I 
I 66 0 

83.5 
83.0 

107.0 
193.0 
213.0 
200.0 
219.0 

Object 

pg of phosphotriose 
phosphorus per m l  of 
homogenate diluted 

1: 100 

27-28-day-old embryos,  . . . . . . . . . . . . . . . . . . .  
One-day-old rabbit . . . . . . . . . . . . . . . . . . . . . .  
8-day-old rabbit . . . . . . . . . . . . . . . . . . . . . . . .  
10-day-old rabbit . . . . . . . . . . . . . . . . . . . . . . .  
Adult  rabbits . . . . . . . . . . . . . . . . . . . . . . . . . .  .* ,, . . . . . . . . . . . . . . . . . . . . . . . . . .  

., ,I . . . . . . . . . . . . . . . . . . . . . . . . . .  
,. ,I . . . . . . . . . . . . . . . . . . . . . . . . . .  

In pg of phosphoiriose 
phosphorus per mg 

protein 

109 
111 
112 
1 3 1  
1x7 
1x1 
206 
206 
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The feasibility of a l te r ing  enzymatic activity in the brain by varying the 
environmental conditions has  been shown in the following way 1 3 6 1 .  Rabbits 
and r a t s ,  when kept on a sucrose  diet for  a prolonged t ime,  developed. 
chronic hyperglycemia; 45-80 days af ter  the commencement of the sucrose  
diet, w e  determined the amylase content of the brain and showed that a 
amylase activity decreased .  Analogous resu l t s  were obtained with animals  
having alloxan diabetes .  Thei r  blood amylase activity increased while that 
of the brain decreased .  

activity of brain amylase.  In these instances,  due to  the changed internal  
environment, (the high content of blood suga r )  polysaccharide hydrolysis 
plays a l e s s e r  ro le  and the activity of the enzymes catalyzing this reaction 
dec reases .  

While studying the enzyme catalyzing the hydrolysis and synthesis  of 
glycogen w e  determined content in the various brain sect ions and found that 
i t  could be detected only in the cortex and cerebel lum of healthy animals  1371. 
Other investigators found it only in the brain of animals  in pathological 
s t a t e s .  
remained constant. 

continuous t ransformations.  The rapid metabolism of glycogen apparently 
is responsible for  the fact  that under normal  conditions it does not 
accumulate in significant amounts in brain t i s sue .  
investigators did not succeed in detecting it i n  the ce reb ra l  cor tex and i n  the 
c e r e  be llum . 

The inaccuracy of the conception of the unchanging glycogen content in 
the brain can be seen  f rom the r e su l t s  of our s tudies  on the carbohydrate 
metabolism of the brain in var ious functional s t a t e s .  Thus,  when the central  
nervous sys tem is excited to the degree when convulsions resu l t  (through 
the application of an e lec t r ic  cur ren t  o r  cardiazol  adminis t ra t ion)  the activity 
of amylase increases  while the total  glycogen content dec reases .  During 
anesthesia ,  on the other  hand, amylase activity dec reases  and the glycogen 
content of the brain increases  1 3 8 1 .  

s ta tes  of the cent ra l  nervous sys tem.  
t ransformations in the brain and its content e i ther  dec reases  o r  increases .  
The ra t io  between f r ee  and bound glycogen also changes. Thus,  for example, 
during convulsions the total glycogen content dec reases  at the expense of 
f ree  glycogen, while the fraction of bound glycogen even increases  somewhat. 
At present  it i s  difficult to s ta te  whether the two fract ions of glycogen have 
any physiological significance. The available data on th i s  subject a r e  
contradictory. 

We determined the contents of both glycogen fract ions while studying 
the effects of hypoxia on the carbohydrate metabolism of the brain.  The 
data obtained did not allow u s  to r each  a final conclusion on the ro l e s  of 
free and bound glycogen. We studied the various glycogen fract ions and 
determined the i r  contents in the bra ins  of rabbit embryos  and of young 
rabbi t s  1 3 9 1 .  We showed that in the bra ins  of embryos  and newborn rabbi ts  
during the f i r s t  f ew days af ter  birth the free form of glycogen prevai ls .  
Subsequently, with the development of the animal brain,  the content of free 
glycogen dec reases  and the fraction of bound glycogen increases .  

Thus,  a l imentary hyperglycemia and experimental  diabetes can a l te r  the 

Foreign sc ien t i s t s  have shown that the glycogen content in the brain 

We found that brain glycogen i s  not an iner t  substance but i s  subject to 

For this reason  numerous 

Hence, brain enzymes may display different activity in var ious functional 
Glycogen i s  subject to continuous 
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In the brain of adult animals the la t te r  f ract ion prevai ls .  This  apparently 
indicates that bound glycogen may be be t te r  utilized in metabolic processes .  
However, th i s  problem warran ts  fur ther  study. 

Even a slight decrease  in the oxygen content of the a i r  may lead to  a 
dis turbance of nervous activity. 

Since carbohydrates  s e rve  as a main source  of energy,  much r e s e a r c h  
has  been devoted t o  carbohydrate metabol ism during hypoxia. The s tudies  
were  conducted mainly on blood and on a number of other  t i s sues  (muscle  
and l iver ) .  

The available data on carbohydrate metabol ism in the brain during 
hypoxia a r e  few and contradictory. However, they indicate that there  is 
a dis turbance of carbohydrate metabolism during oxygen deficiency. Since 
the picture is not complete, we decided to  s tudy this  problem in g rea t e r  
detail.  

of preformed lactic acid and of glycogen (both free and bound), and on the activi- 
t i es  of var ious enzymes.  These  enzymes included hexokinase, which catalyzes  
the phosphorylation of glucose - the  f i r s t  s t ep  in  glycolysis, and phospho- 
ry l a se  and amylase,  which catalyze the hydrolysis and synthesis  of 
polysaccharides .  

in a p r e s s u r e  chamber  at an altitude of 7000-10,000 m e t e r s  for 4 - 7  hours .  
Rats  w e r e  kept in the p re s su re  chamber  for 4 hours  a t  an altitude of 
6000-8000 me te r s .  Rabbits endured hypoxia bet ter  than did the r a t s .  

carbohydrate  metabolism of the bra in  manifest themselves  f i r s t  in the 
accumulation of preformed lactic acid. This ,  apparently, is due to  the 
decreased r a t e  of the aerobic  oxidation of lact ic  acid. 

In bra in  hypoxia glycolytic processes  preva i l  over  respirat ion.  Since 
we observed in our  experiments  a tendency toward a lower r a t e  of 
glycolysis, i t  must be assumed that rabbi ts ,  upon prolonged s t ay  a t  high 
altitudes, manifest dis turbances in glycolysis, and possibly i r revers ib le  
ones.  

The cent ra l  nervous sys tem is ex t remely  sensi t ive to  oxygen deficiency. 

We studied the effects of hypoxia on the r a t e  of glycolysis, on the contents 

The experiments  were conducted on r a t s  and rabbi ts .  Rabbits w e r e  kept 

The experiments  on rabbi ts  showed (Figure 1) that dis turbances in the 

Preformed Glycolysis Hexokinase 
lac t ic  acid 

FIGURE 1. Carbohydrate metabolism in the 
brain of rabbits during hypoxia 

1 -Control; 2 - Hypoxia 

Hypoxia 
0 Conrrol 
0 Free polysaccharides 

a Bound polysaccharides 
114 mgqo 

Phosphorylase Polysaccharides 
activity 

FIGURE 2. Polysaccharide 
content and synthetic activity 
of phosphorylase in the brain of 
rats during hypoxia 



Studies of hexokinase showed that i t s  activity decreased  during hypoxia. 
Hence, hypoxia of the brain leads to  dis turbances even in the f i r s t  stage of 
glucose t ransformation in the brain. 

Our observations showed that the total  glycogen content of the bra ins  of 
rabbi ts  under hypoxic conditions increases  by about 6 0 %  but that the 
distribution between f ree  and bound glycogen does not change. The activity 
of the phosphorylase catalyzingthe synthesis  of polysaccharides increases ,  
which indicates that favorable conditions a r e  c rea ted  for the synthesis  of 
polysaccharides. The activity of enzymes participating in glycogen 
hydrolysis (phosphorylase and amylase)  is not affected. 

metabolism during hypoxia. Utilization of glucose is affected a s  judged by 
the lower activity of hexokinase. The unutilized glucose is used for  the 
synthesis of polysaccharides. 

The experiments  on r a t s  gave unexpected r e su l t s  (Figure 2 ) .  When 
the glycolytic activity of r a t s  and rabbi ts  decreased ,  and there  was no 
accumulation of lact ic  acid during t i s sue  autolysis in the absence of 
subs t ra tes  (which indicates a complete utilization of endogenous carbohydrate 
subs t ra tes ) ,  the glycogen content did not increase ,  but ra ther  decreased  
by about 3070 a s  compared with control  animals .  The content of bound 
glycogen increased and that of free glycogen decreased .  The synthetic 
activity of phosphorylase also decreased ,  while i t s  phosphorolytic capacity 
was somewhat enhanced. 

metabolism of rabbi ts  and r a t s  during hypoxia a r e  due, apparently, to  the 
different sensi t ivi t ies  of these animals  to  hypoxia. T o  obtain a c l ea r  picture 
of the dis turbances in the carbohydrate metabolism of animals  during 
hypoxia, fur ther  studies involving different animals  a r e  needed. It i s  
necessary  t o  obtain enough data to enable one to  direct  metabolic activity 
in the des i red  paths. 

that of the correlat ion between the functional s ta te  of the cent ra l  nervous 
sys tem and i t s  metabolic processes .  

Metabolic studies on the chronic functional weakening of the ce reb ra l  
cor tex a r e  of great  importance s ince nothing is known about the changes in 
metabolic processes  caused by the functional weakening of the nervous 
sys tem.  

We approached [ / 4 0 / ]  this problem by studying the r a t e  of oxidation 
in the brain and l iver  of r a t s  with a functional weakening of the cent ra l  
nervous sys tem caused by keeping the animals  for  s eve ra l  days in e lectrode 
cel ls ,  according to  the method of Petrova 1411. 

Our s tudies  showed that r a t s  with a functional weakening of the cent ra l  
nervous sys tem displayed a slight decrease  in the r a t e  of resp i ra t ion  both 
in  the brain and in the l iver ,  thus showing the dependence of l iver  
metabolism on the functional s ta te  of the brain.  Similar  r e su l t s  w e r e  
obtained in  metabolic studies on the nucleic acids  in the brain and l iver  
when the functional s ta te  of the brain was al tered 1421. In anesthetized 
animals, with a resul t ing inhibition of the higher nervous activity, nucleic 
acid metabolism w a s  a l tered both in the brain and in the l iver ,  a s  judged 
f rom nucleic acid content and the nuclease activity. 

P a r t i a l  hepatectomy caused al terat ions in the nucleic acid metabolism 
of the l iver  and a l so  of the brain. The above data  confirm the fact that 

Our experiments  confirmed the presence of dis turbances in carbohydrate 

These differences in the degree of disturbance in the carbohydrate 

One of the main problems in the biochemistry of the nervous sys tem is 
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metabolic activity in  the var ious organs is under the control  of the c e r e b r a l  
cor tex and becomes al tered during the functional changes of the la t te r .  On 
the other  hand, the cor tex  is affected by the var ious s t imuli  appearing in 
the different organs.  

Metabolic dis turbances in var ious organs and t i s sues  of a living organism 
are not always accompanied by s imi l a r  changes in  brain metabolism. Thus, 
fo r  example, our s tudies  showed that dis turbances in carbohydrate 
metabolism appearing af ter  the administration of phlorizin and adrenaline, 
accompanied by changes in creat ine metabolism in muscle  and excretion 
of c rea t ine  in ur ine,  do not affect creat ine metabolism in the brain (see 
Epstein /43/). 
crea t ine  level  in muscle  and increases  creat ine excretion in ur ine,  does not 
affect creat ine content in the brain (Feinschmidt, / 4 3 / ) .  

Pavlov repeatedly s t r e s sed  that the main processes  charac te r iz ing  
higher nervous sys tem activity are those of excitation and inhibition and 
that our understanding of them depends on our knowledge of the physical- 
chemical processes  taking place in  the nervous sys tem.  Thus the importance 
of the biochemical decoding of these main functional s ta tes  of nerve t i s sue  
is apparent .  Considering this  a s  the cent ra l  problem in the study of the 
biochemistry of the brain,  w e  decided to  investigate some metabolic 
p rocesses  in the bra ins  of animals  during inhibition or excitation of the 
higher nervous activity. 

metabol ism.  Nucleic acids play an  extremely important ro le  in protein 
metabol ism.  Carbohydrates  s e rve  a s  the main source  of energy for  brain 
activity. The adenosine triphosphate present  in nervous t i s sue  probably has  
the same  function a s  in  muscle  - the linking of energy-yielding processes  
with specific synthetic react ions in the brain.  

and deoxyribonucleic acids  and the activity of deoxyribonuclease. Brain 
t i s sue ,  as all other t i s sues ,  contains both ribonucleic and deoxyribonucleic 
acids ,  the r a t io  of the fo rmer  to  the la t te r  being about 3 .  Ribonucleic acid 
plays an important ro le  in processes  connected with protein synthesis .  
Deoxyribonuclease catalyzes  the degradation of deoxyribonucleic acid. 

Likewise, injection of guanidine, which r a i s e s  the 

We limited our investigations /44/ to nucleic acid, carbohydrate, and ATP 

In the f i r s t  s tage of our study we determined the contents of ribonucleic 
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FIGURE 3. 
and turnover of nucleic acid phosphorus during narcotic sleep 

1 - Control; 2 - 4 hr sleep: 3 - 6 hr sleep 

Nucleic acid content. deoxyribonuclease activity, 
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Our  s tudies  on nucleic acid metabolism in anesthetized animals  (Figure 3)  
show that their  deoxyribonuclease activity is considerably increased and that 
the increase  is proportional to  the duration of anesthesia .  However, only 
slight changes were observed in the ribonucleic and deoxyribonucleic acid 
contents. The  fact that a considerable change in the enzymatic activity of 
deoxyribonuclease resu l t s  in only slight changes in nucleic acid content 
indicates that during prolonged anesthesia  an active turnover  of nucleic 
acids takes  place, and thus synthetic processes  preva i l  over  those of 
degradation. 

This  conclusion has  been confirmed by s tudies  with P3' on the turnover 
ra te  of nucleic ac ids .  The specific activity of RNA phosphorus in anesthetized 
animals  was considerably higher than in control animals .  Similar  resu l t s ,  
but l e s s  pronounced, were found for  deoxyribonucleic acid. 

Our studies on carbohydrate metabolism in anesthetized animals showed 
that the i r  content of preformed lactic acid was lower than in control  animals. 
Thei r  glycolytic activity remained virtually unchanged whereas  the glycogen 
level (both f ree  and bound) increased.  

These data  indicate that during anesthesia  there  i s  a lower expenditure 
of carbohydrates .  This  conclusion was confirmed by our s tudies  of the 
enzymes involved in carbohydrate metabolism. Thus,  for  example, 
hexokinase activity decreased  while that of amylase and phosphorylase 
remained unchanged . 

(Figure 4 )  probably due to a lower ATP expenditure. 
The level  of adenosine triphosphate increased in anesthetized animals ,  

4 ':I 2 

Polysaccharide 
mg % 

g a/. 

ATP Preformed Glycolysis Polysac- 
lac t ic  acid (accumulation charides 

of lactic a c i d )  

0 Control 0 Free polysaccharide 
convul- Bound polysaccharide 
sions 

FIGURE 4. Metabolism of carbohydrates and FIGURE 5 .  Amylase activity and polysac- 
adenosine triphosphate in the brain of animals 
anesthetized for four hours 

1 - Polysaccharide control - free polysaccharide 
in control: 2 - Anesthesia, free polysaccharide; 
3 - Anesthesia, bound polysaccharide 

charide content in the brain during prolonged 
excitation. loading to  convulsion 

According to  Pavlov inhibition is a process  which protects  nerve ce l l s  
f rom destruct ion and faci l i ta tes  their  regenerat ion.  Narcotic s leep  may 
se rve  as a model for  protective inhibition. Pavlov 's  s tudies  on protective 
inhibition have shown that during s leep  the brain is f a r  f rom being inactive. 
Biochemical processes  a r e  not a r r e s t ed  or even diminished but are directed 
mainly towards the recovery  of brain activity. 
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Our data  constitute the f i r s t  attempt to in te rpre t  the phenomenon of 
protective inhibition in metabolic t e r m s .  These  data  show that during 
narcot ic  s leep  metabolic activity is not a r r e s t ed  o r  even diminished; on the 
contrary,  the activity of some enzymes is enhanced. The nucleic acid 
content does not decrease ,  carbohydrate expenditure is lowered, and the 
adenosine triphosphate level  increases .  It can therefore  be concluded that 
during anesthesia  synthetic processes  prevai l  over  those of degradation 
and hydrolysis, facilitating the restorat ion of brain activity. 

Prolonged excitation, leading to  convulsions, causes  a decrease  in the 
levels  of polysaccharides and adenosine triphosphate, with a concomitant 
increase  in the activity of the enzymes which catalyze the hydrolysis of 
these  substances (Figure 5 ) .  Similar  data w e r e  obtained by Minaev and 
Vladimir ova. 

excitation by a single administration of a sma l l  dose of pervitin which, like 
phenamine, is widely used in medicine a s  a stimulant of higher nervous 
activity. We also found cardiazol  useful for  this purpose. When excitation 
w a s  induced with these drugs in  rabbi ts ,  the i r  mobility increased,  the i r  
ref lectory excitability was heightened, and they tapped with their  poster ior  
ex t remi t ies .  

cardiazol  1451. During the excitation of higher nervous activity induced by 
pervitin the level of nucleic acid in the brain remained almost  unchanged. 
The turnover  of ribonucleic acid remained unaltered and that of deoxyribo- 
nucleic acid decreased somewhat. It has  therefore  been concluded that 
under these conditions there  is almost no change in nucleic acid metabolism 
(Figure 6 ) .  

To avoid exhaustion of the nervous sys tem w e  induced the s ta te  of 

The effect of pervitin on brain metabolism was different f rom that of 
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FIGURE 6. Nucleic acid and P3' turnover in the  
brain after administration of pervitin 

1 - Control; 2 - Pervitin 

RNA and DNA turnover 

Under the influence of pervitin the level of preformed lact ic  acid 
decreased  a s  compared with control  animals  and those which received 
cardiazol .  The r a t e  of anaerobic glycolysis in  the brain increased.  This  
indicates that administration of pervitin c rea t e s  conditions favoring 
enhanced carbohydrate activity concomitant with enhanced ATP synthesis  
manifest in the increased level of ATP in the brain (Figure 7) .  Adenosine 
triphosphate is an active biochemical compound, the accumulation of which 
enhances the activity of ce reb ra l  cor tex.  These  data  indicate that the 
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st imulatory activity of pervitin on higher nervous activity is due to  the 
enhanced metabolic activity of the brain.  

The s ta te  of excitation caused by cardiazol  is character ized by an 
increased  level  of preformed lactic acid. 
than with pervitin and the adenosine triphosphate level  remains  almost  
unchanged. 

The above data  show the effect of various stimulating compounds, such 
as pervitin and cardiazol ,  onthe bra in .  Our data show for the f i r s t  t ime 
the reasons  for  the different physiological effects of the var ious stimulating 
drugs.  They  a l so  confirm the teaching of Pavlov. 

The a im of our  r e sea rch  was to study the metabolic processes  of 
the brain in i t s  various functional s t a t e s .  We have attempted to  elucidate 
the metabolic ro le  in any given function of the var ious brain regions,  and 
par t icular ly  of the ce reb ra l  cortex, and to  determine the control exer ted 
by the environment. 

metabolic processes  (protein and carbohydrate metabol ism) of functionally 
different regions of the brain.  W e  have investigated metabolic changes by 
determining the changes in chemical  s t ruc ture  and in the content of 
in te rmediary  and end products of Metabolic processes .  We have determined 
the activities of var ious enzymes participating in the biochemical react ions 
studied. These  studies were ca r r i ed  out in various functional s t a t e s  of 
the brain.  We have also taken the f i r s t  s teps  along the difficult road of 
controlling and directing metabolic processes  in the brain.  The ultimate 
goal of biochemical r e sea rch  is to elucidate the factors  which control  the 
metabolism of living organisms,  and of man. 
he who is capable of res tor ing  to norm i t s  disturbed processes ,  can say  
that he understands life" 1 4 6 1 .  

A deep understanding of real i ty  and an ability to influence life a r e  the 
main fea tures  of the philosophy of dialectic mater ia l i sm.  This  is also the 

Glycolysis is much less affected 

We have studied the chemical  s t ruc ture ,  the protein content, and the 

A s  Pavlov said "Only 

direction of Soviet biology, including 
Soviet physiology and biochemistry, a s  
reflected by Michurin: "We cannot wait 
for  favors  f rom nature, w e  have to  take 
them - this  is our task.  

In our  experiments ,  w e  have a l so  
attempted to elucidate the biochemical 
processes  in narcotic s leep  a s  a model 
of protective inhibition and to find the 
biochemical reasons  for  the var ious 
physiological effects of the different 
stimulating drugs .  These  resu l t s  
undoubtedly w i l l  be of some use to 

ATP G1ycolysis physiologists and psychiatr is ts .  
lact ic  acid We have also shown that the bra in  

affects the metabolism of other  t i s sues  
and that s t imuli  appearing in var ious 
organs affect cor t ica l  metabol ism.  

free f rom shortcomings,  a r e  necessa ry  

FIGURE 7. Changes in carbohydrate 
metabolism and in ATP content during 
excitation caused by pervitin and cardia201 

1 -Control; 2 - Pervitin: 3 - Cardiazol The resu l t s  of our  studies, though not 

for  the understanding of the regulatory ro le  of the cent ra l  nervous sys tem 
in metabol ism,  and fo r  the biochemical unraveling of metabolic pathways 
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and processes  of adaptation with the aid of which higher regions of the 
cen t r a l  nervous sys tem regulate metabolic processes  underlying the var ious 
physiological functions of individual organs and of the living organism as 
a whole. 

be c a r r i e d  out by biochemists in collaboration with physiologists and 
physicians.  
(these problems a r e  now being studied in various biochemical laborator ies  
of the USSR), the chemical  nature of living processes ,  and the metabolic 
pathways, so  as to  enable us  to  control them, the Soviet biochemists,  a rmed  
with the philosophy of Marxism and Leninism, w i l l  participate in the building 
of Communism. 

To solve this problem fur ther  studies a r e  needed. These  s tudies  should 

By studying the effect of the nervous sys tem on metabolism 
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PROBLEMS IN THE BIOCHEMISTRY OF THE 
NERVOUS SYSTEM* 

The works of I .  M.  Sechenov have laid a f i rm foundation for the 
development of physiology and physiological chemis t ry  in the Soviet Union. 
We owe to  Sechenov and Pavlov the mater ia l is t ic  scientific conception 
without which biological sciences could not develop. 

Sechenov and Pavlov developed the concept of the unity of an organism 
with i t s  environment and showed that the functions of a living organism a r e  
regulated by the nervous sys tem.  In 1861 Sechenov wrote: 
impossible to  think of an organism without the environment which supports  
i t s  existence. Therefore ,  the scientific concept of an organism should 
include i t s  environment. " Any process  in the whole organism,  be it t i ssue 
metabolism or the most complex forms of activity, such a s  psychic 
processes ,  i s  directed by the cerebra l  cor tex.  

The development of Soviet physiology, i ts  problems and direct ions,  
has been influenced by Sechenov's work, "Reflexes of the Brain,  I '  which 
brought him fame.  This  work had a great  influence on the development of 
physiological chemistry,  now called biochemistry. It may also be said that 
this  work laid the foundation for  the r e sea rch  on the biochemistry of the 
nervous sys t em.  

s tudies  on the chemical composition of var ious brain sect ions,  were s ta r ted  
already in the nineteenth century.  Among the prominent works which 
appeared at that time were those of Russian scient is ts ,  such a s  
R. Ya. Danilevskii, one of the f i r s t  Russian biochemists. Danilevskii 
understood the importance of proteins in the activity of the nervous sys tem 
and devoted much of his study to brain proteins .  He a l so  developed a method 
for  their  fractionation and used it in his s tudies  on the protein composition 
of the brain.  It should be pointed out that Danilevskii did not confine himself 
to  the study of the protein compositions of the brain as a unit but, with his 
col laborators ,  ca r r i ed  out comparative biochemical investigations on the 
protein composition of the brain in i t s  var ious functional s ta tes .  He a l so  
investigated the biochemical processes  of the bra ins  of var ious philo- 
genetically different animals .  

of brain in  var ious functional s ta tes .  He wrote: "There is not a single 
t issue,  apar t  f rom brain t issue,  where the interdependence of chemical  
composition and function is of such deep biological in te res t  and at the same  
t ime is so obscure and difficult to  understand. I' The work of Danilevskii 
was continued by other  Russian scient is ts ,  such a s  N .  Shkarin, A .  Lents  
and B. Slovtsov. 

"It is 

Studies on the biochemistry of the cent ra l  nervous sys tem,  namely 

According t o  Danilevskii (1891) it is necessary  to  study the biochemistry 

Lecture read at the All-Union Conferenceof Biochemistry of the Nervous System held in Kiev on 

15 December, 1953 (see collection: Biochemistry on the Nervous System Kiev, pp. 7-24. 1954. ) 

25 



The pioneer in the a r e a  of brain lipids was a l so  a Russian scient is t ,  
R .  Petrovski i ,  who in the 19th century determined the lipid content i n  cattle 
brain.  
g ray  and white mat te r  of the brain.  

Rapid p rogres s  in scientific activity in our country af ter  the 
Socialist Revolution led to comprehensive studies in the biochemistry 
of the nervous sys tem.  
brain have been conducted in the Ukrainian Biochemical Institute (today the 
Institute of Biochemistry of the Academy of Sciences of the Ukrainian SSR). 
Later ,  such studies were a l so  begun i n  Leningrad. In 1937 the works of 
E .  A .  Vladimirova of the Institute of Physiology were published. Still l a t e r ,  
E .  M .  Kreps and his col laborators  began to study the chemical  processes  
of the brain during ontogenetic development. The f i r s t  r e su l t s  of these 
s tudies  were published i n  1946. In the th i r t ies ,  S. Ya. Kaplanskii published 
his resu l t s  on the amino acid composition of brain proteins and on the 
composition of brain phosphorus compounds. 

choline and i ts  conversions in the brain.  Later ,  in Gorki, G .  Ya. Gorodis- 
skaya and he r  col laborators  studied brain nitrogen metabol ism.  These  
s tudies  were a continuation of the work which she  began i n  the Ukrainian 
Biochemical Institute. 

Several  aspects  of brain biochemistry were studied in the different 
labora tor ies .  Among these were the chemical  aspect (the chemical  
composition of brain sect ions) ,  the dynamic aspect (enzymatic s tudies) ,  
and the functional aspect (the study of brain metabolism i n  various functional 
s t a t e s ) .  

A s  I have already mentioned, the Russian scient is ts  of the 19th century 
already used the functional approach to the study of the biochemistry of the 
cent ra l  nervous sys tem.  In the Ukrainian Biochemical Institute, now the 
Institute of Biochemistry of the Academy of Sciences of the Ukrainian SSR, 
r e sea rch  on the biochemistry of the nervous sys tem,  and especial ly  of the 
brain, w a s  a lso mainly of a functional nature, in that the main emphasis  
was placed on the functional s ta tes  of the brain.  However, dynamic aspects  
were also studied. 

I said that these studies aimed at clarifying such problems a s  whether the 
functionally various brain sections differ in chemical  composition, and 
whether there  a r e  any al terat ions in their  composition i n  the process  of 
functional development. These studies were conducted in o r d e r  to determine 
whether there  is any correlat ion between the charac te r i s t ic  propert ies  and 
activities of the various brain sect ions and the i r  chemical  composition. 
We attempted to show how metabolic processes  are al tered in the different 
brain sect ions during changes in their  activity under the influence of var ious 
fac tors .  

Our f i r s t  a r e a  o€ study was the proteins and the i r  metabolism in brain 
t i s sue .  W e  investigated the chemical  composition of var ious brain sect ions 
of animals  of different  phylogenetic development and of var ious regions of 
the cent ra l  nervous sys tem which were histologically s imi l a r  or closely 
related but differed functionally and phylogenetically. We a lso  studied the 
chemical composition of the spinal  cord ganglia, of sect ions of the 
autonomous nervous sys tem,  of various par t s  of the per iphera l  nervous 
sys tem,  and of brain sect ions of various phylogenetic and ontogenetic 
development. 

He was also one of the f i r s t  to determine the protein content in the 

F rom 1925 on,  s tudies  on the biochemistry of the 

Before the second world war ,  Koshtoyants began the study of acetyl- 

In 1947, in summarizing our r e sea rch  on the biochemistry of the brain,  
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We showed that the phylogenetically youngest and functionally most  
complex sect ions of the nervous sys tem are  the r i ches t  in  protein mater ia l ,  
which indicates that proteins play an important role in the cent ra l  nervous 
sys tem.  We a l so  showed that the various brain regions differ in  chemical  
composition long before birth,  and that their  chemical  composition changes 
during embryonic and postembryonic development in correlat ion with their  
functional development. 

such as vitamin deficiency, starvation, and upon administration of 
pharmacological drugs,  showed that changes in the functional s ta te  of the 
brain are closely related t o  changes in metabolic processes ,  which are 
dependent upon environmental conditions. 

We found a l so  that the g ray  and white mat te r  of the brain differ f rom 
each  other  not only in  the quantity of protein which they contain, but also 
in the nature of their  proteins;  that i s ,  they contain different protein 
fractions.  

We have found that the t ransi t ion of the c e r e b r a l  cor tex f rom a s ta te  of 
relative r e s t  to that of increased activity is accompanied by an enhancement 
in nitrogen metabol ism.  Finally, it w a s  shown at  the Institute of 
Biochemistry that the c e r e b r a l  cor tex displays not only morphological and 
functional topography but a l so  chemical  topography. 

Much of o u r  r e s e a r c h  has  been devoted to carbohydrate metabol ism.  
We showed that in brain carbohydrate metabolism intermediate phospho- 
rylated compounds are formed s i m i l a r  to those found in muscle  glycolysis, 
and that the r a t e  of glycolysis may change during ontogenetic development 
and differs in the var ious functionally different brain sect ions.  

metabolism in  the brain and found a ve ry  active amylase,  which catalyzes  
the hydrolysis of polysaccharides.  We a l so  ascer ta ined the presence  of the 
enzymes hexokinase, phosphoglucomutase, phosphatase, aldolase and 
adenosine tr iphosphatase and studied their  propert ies .  M'e found that the 
functionally complex brain regions are character ized by a higher enzymatic 
activity. 

In recent  y e a r s  an e v e r  increasing number of institutions and scient is ts  
have become engaged in the study of the biochemistry of the nervous sys tem.  
Continued efforts in th i s  direction will bring n e a r e r  the t ime when, as Pavlov 
sa id ,  ' I . .  an accurate  and complete knowledge of o u r  highest organ,  the 
brain,  will be  our  genuine contribution and, hence, the basic source  of lasting 
human happiness.  " 

The rapid p rogres s  in the field of the biochemistry of the nervous sys tem 
m a y  be c lear ly  s e e n  by comparing the p rograms  of two scientific conferences 
on the biochemistry of the nervous s y s t e m .  The  f i r s t  was held in January  
1938 in Kiev and was sponsored by o u r  Institute. The  second is the present  
conference on the biochemistry of the nervous sys tem.  

At the f i r s t  conference only eleven lectures  were  presented and r e a d .  
Five of them were  f r o m  the Institute of Biochemistry of the Academy of 
Sciences of the Ukrainian SSR, two f rom the Department of Biochemistry 
of the Gorki Medical School, headed by G. Ya. Corodisskaya, and the 
remaining were  r e a d  by P ro fes so r  S.  Ya. Kaplanskii and o the r s .  Thus,  
a t  that t ime works on the biochemistry of the nervous sys tem compr ised  a 
v e r y  small pa r t  of the field of biochemistry. 

Our  s tudies  on brain nitrogen metabolism during var ious conditions, 

We have investigated the enzymes  associated with carbohydrate  
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Now consider  the program of the conference of 1953 where 24 l ec tures  
w e r e  read ,  while the majori ty  of those presented could not be read  due to 
the lack of t ime.  The program shows that at present  aspects  of the 
biochemistry of the nervous sys tem a r e  being studied in a la rge  number 
of scientific institutions of Moscow, Leningrad, Kiev, Kharkov, Tbi l is i ,  
Minsk, Odessa,  Vitebsk, and other  c i t ies .  

The Pavlov sess ions  have indicated that fur ther  r e sea rch  in the field 
of biochemistry should s t r e s s  mainly i t s  functional aspects .  Academician 
K.  M. Bykov discussed this topic br ief ly  in his  lecture ,  while Academician 
V .  A .  Engel'gardt': and Professor  G. E .  Vladimirov elaborated upon in it 
g rea t e r  detail.  The need for  the development of functional biochemistry was 
s t r e s sed  by me in one of the sess ions  of the Academy of Sciences of the 
Ukrainian SSR when I said that "the chief task  which faces  Soviet bio- 
chemis t ry ,  which ought to  represent  Pavlovian biochemistry,  is the study 
of the metabol ism of the en t i re  living organism in the var ious functional 
s t a t e s  and in var ious environments. It is necessa ry  to i l lustrate  the 
interrelat ions between specific functions of organs  and sys tems and the 
details of their  metabolism, especial ly  in nerve,  muscle ,  and. glandular 
t i s sue .  Also of great  importance is the study of the mechanism of metabolic 
regulation by the nervous sys tem.  ' I  

charac te r ize  higher nervous activity a r e  those of excitation and inhibition. 
In this  respec t  one of the most important problems of Soviet biochemistry 
is the study of brain metabolism during excitation and inhibition in o rde r  
to  understand the biochemical principles underlying the physiological 
p rocesses  of the cent ra l  nervous sys tem.  Such s tudies  should revea l  the 
regulatory mechanisms of various metabolic processes  and br ing us  c loser  
to our ultimate goal - the  possibility of actively influencing metabolic 
processes .  

the Academy of Sciences of the Ukrainian SSR have for  the past th ree  years  
studied carbohydrate metabolism of the brain with par t icular  emphasis  
upon excitation and inhibition of nervous activity. 

In these experiments  var ious approaches a r e  possible. The s ta te  of 
excitation o r  of inhibition of the cent ra l  nervous sys tem may be caused 
experimentally by different means.  Various conditioned and unconditioned 
s t imuli  of varying s t rength may be used, e i ther  natural  or purely 
experimental ,  by whose means a variety of physical responses  may be 
el ic i ted f rom the organism.  In addition, a wide var ie ty  of drugs may be 
employed f rom the vast s to re  of medicinal preparat ions.  

functional s ta te  of the nervous sys tem.  The  f i r s t  s t ep  was to es tabl ish 
some common fea tures  of brain metabolism during excitation or inhibition 
and for  this  purpose we made use  of var ious drugs.  Our next s tep  w a s  to 
use both unconditioned and conditioned s t imuli .  

The a im of our investigations was t o  study the nature of the metabolism 
of nucleic acids ,  carbohydrates ,  and adenosine triphosphate (ATP).  Nucleic 
acids, f i r s t  studied by Danilevskii in the 19th century, play an ex t remely  
important ro le  in t i s sue  protein metabolism. Carbohydrates  a r e  the main 
source  of energy fo r  brain activity. ATP, in muscle  a s  w e l l  as nerve 
t issue,  is apparently the connecting link between energy-yielding processes  

' [Al so  referred to i n  the literature as Engelhardt.] 

Pavlov has  repeatedly s t r e s sed  that the main processes  which 

Based upon these  considerations, we a t  the Institute of Biochemistry of 

It was c l ea r  to us that metabolic processes  may vary  according to  the 
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and those metabolic processes  which determine the biochemical specificity 
of the nervous system. 

Nucleic acid metabolism was studied by the sepa ra t e  determinations 
of the contents of ribonucleic and deoxyribonucleic acids and the activity 
of deoxyribonuclease. Brain t issue,  like all other t i s sues ,  contains both 
nucleic acids,  the content of ribonucleic acid being about three t imes that 
of deoxyribonucleic acid. It is known that ribonucleic acid plays an 
important role  in protein synthesis.  Deoxyribonuclease is responsible for 
the f i rs t  stage of deoxyribonucleic acid metabolism, namely, i ts  degradation. 

Carbohydrate metabolism was studied by the separate  determinations of 
the contents of preformed lactic acid and polysaccharides (both free and 
bound), glycolytic activity, and the activity of the enzymes hexokinase, 
amylase and phosphorylase. 

T o  obtain a better understanding of the role  of a phosphorylated 
compounds in nerve t issue in various functional s ta tes  w e  studied, in 
addition to ATP, acid-soluble fractions of phosphorus, inorganic phosphorus, 
and phospholipids (both saturated and unsaturated).  

Experiments were ca r r i ed  out on rabbits,  dogs, and r a t s .  In studies of 
this kind, when it is necessary to determine the composition and metabolic 
p rocesses  of the brain in a specific functional s ta te ,  the method of 
sacrificingthe an ima l i s  of great  importance.  Therefore ,  in the f i r s t  s tage of 
o u r  work, the animals were quickly decapitated, whereupon the c e r e b r a l  
hemispheres  were extracted and frozen in liquid a i r .  
consists in directly freezing the severed head in liquid a i r  and then 
extracting the hemispheres .  This method i s  useful in experiments  with 
sma l l  animals,  since with large animals some t ime elapses  between 
decapitation and freezing of the brain which, although not ve ry  long, may 
be sufficient for various changes to occur in the content of labile 
phosphorylated compounds. 

which may affect the labile phosphorylated compounds and dis tor t  the 
character is t ic  appearance of the given functional s ta te .  T o  avoid this, 
hexenal may be injected prior to decapitation. One ml  of a 10% solution of 
hexenal given intravenously leads to immediate death due to paralysis  of the 
r e sp i r a to ry  center .  This  method has  recently been used by u s .  

which E .  A .  Vladimirova uses  with r a t s ,  utilizing for this purpose specially 
constructed cages.  However, this method undoubtedly leads to a strong, 
though shortlived, stimulation of skin receptors ,  and these s t imuli  may be 
conducted to the brain before it f reezes  and bring about metabolic changes 
which can distort  the functional s ta te  under study. All this shows that it is 
necessary to select  carefully the method of sacrificing the animal,  
especially when the enzymatic activity of the brain is concerned. 

The s ta te  of excitation w a s  induced by the administration of pervitin 
which, like phenamine, is widely used a s  a stimulant of higher nervous 
activity. Cardiazol was also found useful for this purpose.  

of a large dose of cardiazol  o r  stimulation with an e l ec t r i c  cu r ren t )  and 
exhaustion of nervous system, resul ts  in a decrease in the A T P  and 
polysaccharide contents of the brain.  

Another method 

During decapitation there  often appear convulsions and other disturbances 

It is also possible to immerse  the ent i re  animal in liquid air, a method 

We found / I ,  2 ,  3 /  that s t rong excitation, leading to convulsions (injection 
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In other experiments ,  more  closely approximating physiological 
conditions, excitation was induced by a single administration of a sma l l  
dose of pervitin (5  to 7 mg per kg of body weight) or of cardiozol (50 to 
70 m g  per  kg of body weight) four hours  before sacr i f ic ing the animal .  W e  
found that the various s t imulatory compounds elicit different responses  
in  brain metabolism 111. 

Animals t reated with pervitin showed a higher ra te  of anaerobic 
glycolysis than did control  animals ,  or those t reated with cardiazol  141. 
Excitation induced by pervitin resul ted in an increase in ATP content, while 
that induced by cardiazol  had no such effect .  It is c l ea r  that pervitin c rea t e s  
conditions for  the enhanced activity of oxidative processes ,  accompanied 
by an increased synthesis  of ATP.  This  is not the case  with cardiazol .  
No change in nucleic acid content was observed with the administration of 
pervitin. 

The best method for  studying the complex and biochemical processes  
which charac te r ize  the activity of the cent ra l  nervous sys tem is that making 
use of radioactive isotopes. This  method enables one to study not only the 
quantitative changes of a compound in a given t issue but a lso i t s  r a t e  of 
incorporation, turnover ,  synthesis ,  and degradation. In view of this w e  
employed radioactive phosphorus, P3', i n  our study of nucleic acid 
metabol ism.  Radioactive phosphorus was adminis tered intravenously 
together  with pervitin. 

during excitation we determined their  specific activity (P3'). Since our  
s tudies  showed that the specific activity remains  unchanged, it may be 
concluded that no marked changes in nucleic acid metabolism occurs  / 5 /  
during pervitin induced excitation. 

Our s tudies  showed that the various s t imulatory substances affect brain 
metabol ism in different ways, depending upon the i r  different physiological 
effects .  Pervitin-induced excitation evokes metabolic changes character ized 
by an increased metabolic r a t e  and an accumulation of ATP, which increases  
the activity of the ce reb ra l  cor tex.  Thus our data explain the var ious 
physiological effects of the different s t imulatory drugs.  

Considering the fact that the nature of stimulation may differ, depending 
upon the drug  used and upon the duration of i t s  action on the nervous sys tem,  
w e  found it indispensable to  study the metabolism of phosphorus-containing 
compounds at various periods af ter  the administration of pervitin or 
cardiazol  (af ter  1 ,  2 and 4 h r ) .  

adminis t ra t ion of pervitin the ATP level of the brain at f i r s t  dec reases  
and then gradually increases ,  reaching the normal  level af ter  two hours .  
Four hours  af ter  the administration of pervitin the ATP level  is 
considerably higher than that in control  animals .  These  data confirm the 
r e su l t s  of ou r  previous studies in which the ATP content of the brain w a s  
determined four hours  af ter  the administration of pervitin. They also 
show that ATP metabol ism differs at var ious t ime intervals  a f te r  the 
administration of pervit in. 

of ATP.  During the f i r s t  two hours  the level of inorganic phosphorus 
increases  somewhat but then decreases  so  that af ter  four hours  it is 
lower in control  animals .  

In o r d e r  to  obtain information about the turnover r a t e  of nucleic acids  

Our  r e su l t s  have shown 1 6 1  that during the f i r s t  hour af ter  the 

Changes in inorganic phosphorus show an opposite direction from that 
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The r e su l t s  obtained during cardiazol-induced excitation were quite 
different f rom those obtained with pervitin. During the f i r s t  hour after the 
administration of cardiazol  the ATP level increased,  then gradually 
decreased  t i l l  after two and especially after four hours, i t s  content was 
much lower than that in control animals .  

showed an opposite direction. During the f i r s t  two hours the level of 
inorganic phosphorus decreased then gradually increased,  surpass ing  that 
of control  animals  after four hours .  

once again that pervitin and cardiazol, having different physiological 
activities, affect brain ATP metabolism in different ways. 

We a lso  studied ATP metabolism with the aid of radioactive phosphorus. 
Animals w e r e  sacr i f iced one, two, and four  hours  af ter  the administration 
of pervitin or  cardiazol ,  given concomitantly with radioactive phosphorus. 
The relat ive specific activity of ATP phosphorus was then determined a s  
the rat io  of the specific activity of ATP to  that of inorganic phosphorus. 

These s tudies  showed that the relatively specific activity of ATP 
phosphorus in excitation induced by pervitin differed from that induced by 
cardiazol .  During pervitin-induced excitation the relat ive specific activity 
of ATP phosphorus increased,  a s  compared with control animals ,  in the 
course of the f i r s t  four hours after the administration of pervitin. This  
indicates that ATP metabolism i s  enhanced during the interval  f rom one 
to  four hours  after the injection of pervitin. 

The relat ive specific activity of ATP phosphorus during cardiazol-induced 
excitation was diminished during the f i r s t  three hours and began to approach 
control  values only towards the fourth hour .  This  indicates a decreased ra te  
of ATP phosphorus turnover .  Hence, pervitin is more  effective than 
cardiazol  in increasing the metabolic activity of ATP.  

that pervitin and cardiazol  affect brain t issue metabolism, and par t icular ly  
ATP metabol ism,  in different ways. These  biochemical differences a r e  
caused by the different physiological effects of the two drugs;  pervitin 
s t imulates  the centralnervous system and increases  i t s  activity, whereas  
cardiazol  s t imulates  ce reb ra l  cor tex but does not increase  i t s  activity. 

Studies on phospholipids during pervitin-induced excitation showed that 
the total phospholipid content, as  w e l l  a s  that of the sa tura ted  and the 
unsaturated fractions, remains  unchanged during the four hour interval 
af ter  the administration of pervitin 1 7 1 .  

However, with the use of radioactive phosphorus it was possible to show 
that the incorporation of phosphorus into both phospholipid fractions during 
pervitin induced excitation differs f rom that observed in control  animals .  
The relat ive specific activity of the phosphorus of saturated phospholipids 
increased markedly during the f i r s t  hour and then began to fall,  approaching 
control  values during the third hour, and being lower than the control by 
the fourth hour. The specific activity of unsaturated phospholipids was 
somewhat higher than the control  during the f i r s t  two hours  and then 
decreased  below the control  values. These data show that a l terat ions in 
phospholipid metabolism accompany changes in the functional s ta te  of the 
nervous sys tem and that phospholipids a r e  metabolically active compounds. 

Here again, changes in inorganic phosphorus i n  control animals 

These  experiments ,  corroborat ing the data obtained ea r l i e r ,  showed 

Thus,  the data obtained with the aid of radioactive phosphorus indicate 
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In fur ther  s tages  of our investigations of brain metabolism during 
excitation of the nervous sys tem,  w e  studied the condition of hyperexcitation 
accompanied by the impairment  of nervous activity. Chronic hyperexcitation 
was induced by an e lec t r ic  cur ren t  or  by dis turbances in physiologic s leep.  
In the f i r s t  method the animals  were kept in spec ia l  e lectrode caves 
(according to  the method of Pe t rova)  and an e lec t r ic  cur ren t  of 25 to 40 volts 
was applied daily (10 applications, each lasting one minute, with a two- 
minute interval  between applications) for a period of one to  one-and-a-half 
months. The r a t s  w e r e  studied thir ty  minutes a f te r  the las t  application of 
e lec t r ic  cu r ren t .  In the second method, s leep  was disturbed for  th ree  
successive days by placing the r a t s  in rotating drums (30-second rotations 
followed by five-minute intervals) .  

The resu l t s  showed that during forced chronic insomnia the glycolytic 
activity of the brain was somewhat lower than in control  animals .  The 
glycogen content remained unchanged, while the ATP content decreased .  
Hyperexcitation induced by an e lec t r ic  cur ren t  caused a decrease  in ATP 
content. 

with the aid of radioactive phosphorus and found that the specific activity 
of phosphorus was lowered. It s e e m s  that under the conditions employed 
hyperexcitation led to  exhaustion of the nervous sys tem,  which i n  tu rn  
brought about a decrease  in the metabolic ra te  of labile phosphorylated 
compounds. 

metabol ism.  
a s  to closely approximate natural  s leep.  We took into consideration the 
fact  that natural  s leep  evolves f rom the previous activity of the animal while 
pharmacological drugs induce s l eep  without such previous activity and i t s  
effects upon the organism.  Therefore ,  the metabolic charac te r i s t ics  of 
narcot ic  s leep  may not be completely analogous to  those of natural  s leep.  

Studies on nucleic acid metabolism in r a t s  during prolonged narcotic 
s l eep  have shown that there  is a significant increase  in the activity of 
deoxyribonuclease, which is proportional to the duration of s leep.  At that 
t ime there  a re  only slight changes in the contents of ribonucleic and 
deoxyribonucleic acids .  Comparison of the changes in deoxyribonuclease 
activity with the changes in nucleic acid content indicates that during 
narcot ic  s leep  there  is a high nucleic acid turnover  and that synthesis 
prevai ls  over  degradation. This  follows from the fact that in spi te  of the 
considerable increase  in deoxyribonuclease activity the content of nucleic 
acids  remains  unchanged. 

Studies on carbohydrate metabolism during narcotic s leep  showed that 
the ra te  of glycolysis in rabbit brains  was quite high, resembling that of 
control  animals .  The polysaccharide content increased,  and hexokinase 
activity decreased slightly 181,  while the activities of amylase and 
phosphorylase remained unchanged. This  indicates that the r a t e  of 
carbohydrate metabolism remains  quite high during narcot ic  s leep  / 1, 2 1 .  
The content of ATP also increased.  

cells against exhaustion and facilitates the restorat ion of their  activity. 
Narcotic s leep may be regarded a s  a model of protective inhibition. 
According to  Pavlov 's  theory of protective inhibition, the condition of s leep  

W e  a l so  studied ATP phosphorus metabolism during forced insomnia 

Our  investigations also included the effect of inhibitory drugs on brain 
For this purpose we employed the drug  medinal i n  such doses  

According to Pavlov, inhibition is a process  which protects  nerve 
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does not mean that the brain i s  inactive and that i t s  metabolic processes  
a r e  a r r e s t e d .  Such processes  may not even be diminished. They a r e  
directed towards the restoration of brain activity. 

The data obtained by u s  represent  an attempt to  shed some light on the 
biochemical aspect of s leep a s  a mechanism of protective inhibition. They 
show that during narcotic s leep metabolic activity is neither a r r e s t e d  nor 
diminished. Quite to the contrary,  the activity of some enzymes and the 
content of ATP increase,  while carbohydrate and nucleic acid metabolism 
remains on a high level. Anabolic processes  prevail  over those of 
catabolism facilitating the restoration of brain activity. 

brain confirm the physiological concepts of Favlov on the nature of 
nerve t issue processes  under the physiological conditions studied and 
indicate, I think, that the direction of our studies in the biochemical 
definition of the main functional s t a t e s  of the cen t r a l  nervous system i s  
c o r r e c t .  

In other studies,  w e  approached the problem of the interrelation between 
organic functions and the activity of the higher regions of the central  
nervous sys t em.  We studied the changes in the metabolism of the peripheral  
organs ( l i ve r )  during functional changes of the ce reb ra l  cortex and the 
effect of these organs on brain metabolism 191. IVe also studied the effect 
of st imulating various receptor  fields of one half of the ce reb ra l  cortex 
and found that i t  resulted in a fairly stable a s symet ry  of metabolism in the 
two ce reb ra l  hemispheres  1101. 

The papers  published i n  this book indicate that numerous institutes in 
the Soviet Union a r e  at present engaged in studies on the biochemistry of 
the nervous system, and particularly on the brain.  

Metabolic studies of the brain in i ts  various functional s t a t e s  a r e  
presently being conducted in a number of scientific insti tutes of ou r  country. 
Scientists such a s  G.  E .  Vladimirov and E .  A .  Vladimirova, like us ,  a r e  
engaged in the study of brain metabolism during excitation and inhibition 
of nervous activity. E .  M .  Kreps i s  conducting comparative biochemical 
studies o n  brain metabolism. Various other features  of brain metabolism 
a r e  being studied by V .  A. Engel 'gardt,  P. A .  Kometiani, V . C .  Shapot, and 
A .  M .  Kuzin. The re  i s  no doubt that collective work on this important 
problem, together with creative c r i t i c i sm and discussion of the resul ts  
and the methods of investigation, will in a short  t ime enable Soviet 
biochemists to define biochemically the main functional s t a t e s  of brain.  

The re  is no doubt that in biochemical studies of the p rocesses  which 
character ize  nervous activity special  attention should be paid to brain 
proteins.  These are studied in some laborator ies  of the Soviet Union. 
However, not enough has been done in this area. Studies on protein 
metabolism should be widened in scope and special  attention should be paid 
to protein complexes of nerve t issue.  

Much attention is devoted in the USSR to  the study of energy-yielding 
reactions in the brain.  (A.  V.  Palladin and collaborators,  G .  E .  Vladimirov 
and collaborators,  and others) .  It is possible that studies in this direction 
w i l l  yield the most reliable information on the problem with which we are 
concerned. 

of nervous regulation of mediator and hormone metabolism. This  problem 

The r e su l t s  of some of our studies in the functional biochemistry of the 

Another important field in the biochemistry of the nervous sys t em is that 
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is studied by  such Soviet scient is ts  as Kh. S. Koshtoyants, A .  M .  Utevskii, 
D. E .  Alpern, and P. A. Kometiani. Physicochemical  react ions during 
nervous activity are studied by G.  M .  Frank .  

of the nervous sys tem cannot achieve spectacular  r e su l t s  without clinical  
s tudies  - without the collaboration of pathologists, neurosurgeons, and 
psychiatr is ts  (A. B.  Speranskii ,  V. P. Protopopov).  Only with the i r  aid 
can we obtain da ta  about the biochemistry of the human brain in i t s  var ious 
pathological s t a t e s .  

All Soviet biochemists agree that the main effort  of o u r  s tudies  should 
be in  the direction of functional biochemistry.  This ,  however, does not 
negate the value of studying the var ious aspects  of dynamic biochemistry 
in animal  t issue (enzymology, e tc .  ) .  Although functional biochemistry does 
not include s tudies  on the chemical  composition of nerve t issue and i t s  
s t ruc tura l  e lements ,  such studies should not be excluded f r o m  the work of 
Soviet biochemists .  Likewise, works in the areas of dynamic and descriptive 
biochemistry should be utilized towards the s d u t i o n  of problem in functional 
biochemistry.  By using the most  refined methods of biochemical, 
physicochemical, and morphological analysis  we can  fill in the gaps which 
ex i s t  between biochemical analysis  and the physiological significance of the 
r e s u l t s .  Such gaps are  noted in a considerable par t  of foreign r e s e a r c h ,  
especial ly  of American and Bri t ish biochemists,  and even of s o m e  Soviet 
s c i en t i s t s .  

The  main problem in the biochemistry of the cen t r a l  nervous sys tem,  
and especial ly  that of brain,  i s  to elucidate the specific charac te r i s t ics  of 
composition and metabolism which determine i t s  biological ro l e  in 
maintaining the equilibrium between the living organism anti i t s  environment. 

A fur ther  concern of functional biochemistry is the metabolic study of 
the cent ra l  nervous sys tem at var ious levels of activity under the influence 
of specific environmental conditions (nutrition, meteorological factors ,  e t c .  ), 
taking into consideration the individual charac te r i s t ics  of the person o r  
animal  under  investigation (age, sex,  e tc .  ). 

not consider  the brain in a vacuum but t r ea t  i t  in all i t s  divergent s t a t e s  
apparent under the influence of var ious environmental conditions, 
and take into account the demands of the organism entailed in i t s  
development. 

Finally, functional biochemistry includes the metabolic and functional 
interrelat ions between organs and organ  sys tems,  the biochemical 
character izat ion of the cent ra l  nervous sys tem with i t s  higher member ,  
the c e r e b r a l  cortex,  and metabolic regulation. In the area of metabolic 
regulation chemical  and nervous regulation are closely interrelated.  

The  concept of the functional unity of the nervous sys tem,  which also 
indicates the functional and metabolic unity of the organism with i t s  environment, 
f a r  f r o m  precluding, insistently demands a var ie ty  of approaches to the 
biochemical investigations of the different divisions of the nervous sys tem.  
J u s t  as the metabolism of the per ipheral  nerves  differs f rom that of the 
cent ra l  nervous sys tem,  so  also,  in  the cent ra l  nervous sys t em itself ,  the 
cerebel lum, the c e r e b r a l  hemispheres ,  the white and g ray  m a t t e r  of the 
c e r e b r a l  hemispheres ,  and the different regions of the c e r e b r a l  cor tex  
are not equivalent e i the r  functionally, metabolically, or morphologically. 

I t  should be r emembered  that r e sea rch  in the functional biochemistry 

It  follows that the study of the biochemistry of the nervous sys tem should 

34 



This  follows not only f rom our general  conceptions on the relationship 
between the metabolism, function, and morphology of the living 
organism but a l so  f rom our  ea r l i e r  works which established the concept of 
the chemical topography of the ce reb ra l  cortex.  The value of this  t e r m  
m a y  be disputed. On the bas i s  of our recent work one may  suggest a 
somewhat different meaning to the t e r m ,  considering the possibility of 
functional changes in biochemical processes  in various pa r t s  of the nervous 
sys t em.  But in general  the t e r m  ref lec ts  an objective consistency which 
must be accounted for in devising future biochemical experiments.  
Biochemists a l so  should not neglect the data obtained by physiologists and 
morphologists. 

a r e  already present during i ts  phylogeny and ontogeny. Therefore ,  in o r d e r  
t o  understand the causative links and to determine metabolic changes w e  
should conduct comparative biochemical studies.  T o  do this  w e  need 
information on the composition and the biochemical proper t ies  of the nervous 
sys t em of animals in various s tages  of ontogenetic development. Such 
information w i l l  revea l  the metabolic details  of the nervous sys tem,  and 
especially of i t s  higher elements,  in animals closely related phylogenetically 
but having different life patterns under natural  conditions. Finally, it is 
important to  study the biochemical changes of the nervous sys tem during 
alterations in the living conditions of the organism,  a s  well a s  during 
various physiological s ta tes  (age, lactation, pregnancy). 

e r roneous  conclusions. The re  a r e  a number of observations which are 
s t i l l  not accounted for .  At various ontogenetic s tages  the brain and nerve 
t issue contain different amounts of water.  The relative weight of the brain 
(tothat of the body) changes, and so does the weight of various other pa r t s  
of the cent ra l  nervous sys t em.  The weight ra t io  of the g ray  and white 
mat te r  of the ce reb ra l  hemispheres may a l so  change. All this  mus t  be 
accounted for  before arriving at any conclusions. 

conducted by both biochemists and physiologists in collaboration with 
morphologists and physicians. 

The metabolic details of the nervous sys tem and of i t s  various e lements  

In comparative studies of this kind methodological difficulties may lead to  

W o r k  on the physiology and the biochemistry of the brain should be 

BIBLIOGRAPHY 

1 .  P a l l a d i n ,  A .V. -  Vestnik AN SSSR, 10, 37, 1952. 
2 .  P a l l a d i n ,  A.V.-Biokhimiya, 17, 456, 1952. 
3. K h a i k i n a ,  B . I . ,  E . A .  G o n c h a r o v a ,  a n d L . A . M i k h a i l o v s k a y a .  

4. P a l l a d i n ,  A . V . ,  B . I .  K h a i k i n a ,  and N . M .  P o l y a k o v a . -  DAN 

5. S k v i r s k a y a ,  E . B .  a n d T . P .  S i 1 i c h . - U k r .  Biokhim. Zhurnal,  

6 .  P a l l a d i n ,  A.V. a n d A . A .  R y b i n a . - D A N S S S R ,  91, 903, 1953. 
7. R y b i n a ,  A.A.  Thes is ,  Kiev, 1953. 
8. P a l l a d i n ,  A. V. and N .M.  P o l y a k o v a . -  DAN SSSR, 91, 347, 1953. 

-Ukr .  Biokhim. Zhurnal, 24, 39, 1952. 

SSSR, 84, 777. 1952. 

25, 3. 

35 



9. C h e p i n o g a ,  O . P . ,  E . B .  S k v i r s k a y a ,  L .P .  R u k i n a  and 
T . P .  S i 1 i c h . - U k r .  Biokhim. Zhurnal,  24, 177,  1952. 

10. L a k h n o ,  E . V .  a n d R . V .  C h a g o v e t s . - D A N S S S R ,  91, 133, 1953. 
11. P a l l a d i n ,  A .  V . -  Zhurna l  Vysshei Nervnoi Deyatelnosti,  3, 801, 

1953. 

36 



BIOCHEMIS TR Y OF T H E  BRAIN* 

One of the most  interesting, exciting and complex a r e a s  in  the field of 
biochemistry is that of brain biochemistry. There  a re  many difficulties 
inherent in the study of the chemical  composition of the brain and of the 
specif ic i t ies  of i t s  metabolism due to the divers i ty  of cel lular  and conductive 
s t ruc tu res ,  the complex distribution of the gray  and white mat ter  and the 
high percentage of labile compounds in brain t i s sue .  There  i s ,  however, 
a wealth of data on the descriptive, dynamic, and functional biochemistry 
of the brain which enables us ,  to a cer ta in  extent, to  gain some insight 
into the specificity of nervous activity. 

In the present  lecture  I would like to  present  the resu l t s  of our studies 
on brain biochemistry which were conducted for  a number of years  at the 
Institute of Biochemistry of the Academy of Sciences of the Ukrainian SSR. 
I would a l so  like to present  the resu l t s  of s eve ra l  important investigations 
of o ther  scient is ts  in this a r e a .  

The most important innovation in modern physiology is the conception 
of a unified and plastic organism in close interaction with a changing 
environment, which influences i t s  composition, development, and functional 
propert ies  and forms,  both in ontogeny and in phylogeny. 

i t s  interaction with the external  and internal  environment is regulated and 
organized, as  shown by Sechenov a;id Pavlov, by the cent ra l  nervous 
sys t em,  which coordinates all  the functions of the living organism.  

The most important concern of human and animal  biochemistry 
is the metabolism of the unified organism in var ious functional s ta tes  and 
under various external  environmental conditions. Such metabolic 
investigations should elucidate the relationship between organic and 
sys temic  function and metabolic specificity in the nervous sys tem.  They 
should also elucidate the mechanism of metabolic regulation by the nervous 
sys t em.  

In our studies on brain biochemistry w e  t r ied  to  ascer ta in  whether the 
functionally different brain components differ in chemical  composition, and 
whether there  is any change in the i r  metabolic processes  with changes in the 
functional s ta te ,  o r  under the influence of var ious factors .  

I n  higher animals ,  and especially in man, the unity of the organism and 

METHODS 

To investigate the relationship in the brain between functional changes 
and metabolic processes  both in  vivo and in vi t ro  studies have been 

' Lecture read at the Fourth International Biochemical Congress in Brussels in 1955 (supplemented and 
revised) (Proceedings of the Fourth International Congress of Biochemistry, Brussels. 1955. Academic 
Press Inc . ,  published New York, 1956, p.375 to  p.400). 
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resor ted  to. Experiments  with t issue s l ices  or brain homogenates a r e  of 
limited value in functional biochemistry. Experinienls in v i t ro  may r evea l  
only the mechanisms of metabolic react ions whereas  experiments  i n  vivo 
revea l  their  physiological significance and their  functional ro le .  

Since brain t issue is character ized by very  rapid metabolic react ions 
and by a high sensitivity to physiological fac tors ,  the process  of preparing 
brain t issue s l ices  may lead to the decomposition of a number of important 
compounds, such a s  ATP, and DPN. Moreover, the stimulation of isolated 
nerve elements  without any natural  link with other brain components may 
present  a distorted picture .  

f rom those taking place in brain s l ices .  This  has been confirmed by the 
r e su l t s  of s eve ra l  experiments  which show that the same factor may affect 
differently the biochemical react ions studied in vi t ro  and in vivo. 
example, the administration of cer ta in  barbi turates  leads to an increase  
in the brain phosphocreatine content in experiments  in vivo 11 and 2 i ,  whereas 
in experiments  i n  vi t ro  the phosphocreatine content dec reases  under the 
influence of the same  barbi turates  131. The same is t rue  for inorganic 
phosphorus. It i s  t rue  that i n  some cases  the resu l t s  obtained i n  experiments  
i n  vivo and in vi t ro  a r e  s imi l a r .  
of brain t issue in experiments  both i n  vivo and in vi t ro  14, 5 1 .  Therefore ,  
i n  vi t ro  experiments  may be used to  obtain cer ta in  prel iminary data in 
functional biochemistry. However, although experiments  on whole animals  
involve many methodological difficulties, only such experiments  may 
provide an acceptable answer to  the problem of the relationship between 
functional changes and metabolic processes  in the brain. 

For studies of the chemical  composition and metabolism of the brain 
during a given functional s ta te ,  and especial ly  of the metabolism of labile 
phosphorus compounds, the methods of sacr i f ice  and fixation of the animal  
a r e  of great  importance.  

Ker r  / 6 /  in 1935, employed the method of f reezing the brain in  liquid 
a i r .  He anesthetized the animal, trepanated it under ar t i f ic ia l  respirat ion,  
( smal l  animals were not trepanated), poured liquid a i r  on the hemispheres ,  
and then extracted the brain in the frozen s ta te .  In using this method one 
has to remember  that anesthesia  may also produce changes in brain 
metabolism. In o rde r  to  avoid this the animal may be rapidly decapitated, 
i t s  ce reb ra l  hemispheres  extracted and plunged into liquid a i r .  Alternatively, 
the severed head may be plunged into liquid a i r  and the frozen brain may 
then be extracted.  Decapitation causes  an acute stimulation of the brain 
accompanied by the decomposition of labile compounds. To  avoid this,  
p r io r  to decapitation one may adminis ter  hexenal (1 m g  of a 10% solution), 
which produces instantaneous death. The dependence of the resu l t s  of ATP 
and creat ine phosphate determinations on the method of preparat ion of the 
brain (freezing in s i tu  or  af ter  decapitation, anesthesia, e t c .  ) is c lear ly  
seen  from the work of Ferdman and Dvornikova 1’71. 

It is also possible 1 8 ,  9 /  to plunge whole animals, such a s  r a t s  and mice,  
into liquid a i r .  However, this  procedure may cause a strong, though shor t -  
lived, stimulation of s k i n  receptors  and the s t imuli  may reach  the brain 
before it has  been frozen, thereby producing changes in brain metabol ism.  

In the las t  two decades radioactive isotopes have been used to investigate 
nerve t issue metabolism. The use of radioactive isotopes established that 

Thus,  the metabolic processes  taking place in an intact brain may differ 

For  

For example, narcot ics  inhibit respirat ion 
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numerous chemical  substances in adult animal  brain which w e r e  thought to 
be stable a r e  continuously being degraded and resynthesized. 

For studies on brain metabolism the most widely used radioactive 
isotope is P3’. The reason for  this  is that phosphorus compounds play an 
ex t remely  important par t  in energy-yielding react ions of nerve t i s sue  
metabolism and that phosphorylated compounds a r e  ex t remely  active in 
var ious t ransformations.  

PROTEINS 

That proteins play an important role  in the function of the cent ra l  
nervous sys tem had already been established by Danilevskii in 1891 / l o / .  
However, not much more  is known about proteins today than was known in 
the days of Ewald I l l / ,  Halliburton 1121, and Danilevskii. The difficulties 
encountered in s tudies  on brain proteins a r e  due to the fact that proteins 
fo rm complexes with lipids. Attempts to  separa te  lipids f rom proteins  by 
extract ion with organic  solvents led to the denaturation of brain proteins .  

r ichest  in protein content, followed by the white mat te r  of the brain and by 
the spinal cord .  The lowest protein content i s  found in the per iphera lnerves .  
We have studied var ious sect ions of the gray  mat te r  of the cent ra l  nervous 
sys tem / 141 and shown that the section which i s  phylogenetically the youngest 
and functionally the most  complex - the gray  mat te r  of the ce reb ra l  
hemispheres  - has the highest protein content. Pro te in  content is lower in 
the gray  mat te r  of the cor tex  of cerebel lum and of the subcort ical  ganglia, and 
is lowest in the gray mat te r  of the spinal cord.  

brain differ f rom each other  not only in total  protein content but a l so  in the 
content of various protein fract ions.  The re  a r e  more  water-soluble 
proteins  and fewer insoluble protein residue in the g ray  ma t t e r  than in 
the white. 

metabolism re sea rch .  Fr iedberg,  Ta rve r ,  and Greenberg / 161 studied 
the incorporation of S35 methionine into proteins of var ious organs in r a t s .  
They found that when S35 methionine w a s  injected intravenously, i t s  r a t e  of 
incorporation into brain proteins was s lower than i t s  ra te  of incorporation 
into proteins of other organs .  When methionine was injected intracis ternal ly ,  
(to bypass the b a r r i e r  between brain and blood) the incorporation of 
methionine into brain proteins w a s  much more  rapid than into other  organ 
and t issue proteins .  They a l so  found that protein turnover  is best measured 
not by the incorporation of radioactive amino acids into proteins  but by 
the re lease  of radioactivity f rom labeled proteins .  

Gaitonde and Richter  1171 assumed that the r a t e  of protein synthesis  
can be evaluated by the ra t io  of the specific activity of protein sulfur  to 
that of acid-soluble su l fur .  They concluded that the r a t e  of protein 
synthesis  in the brain is relat ively high (higher than in the l iver ) .  

turnover  in var ious regions of the cent ra l  nervous sys tem,  studied the r a t e  
of incorporation of radioactive methionine (SS5) into proteins  of var ious 

Several  investigators 1131 have shown that the ce reb ra l  cor tex i s  the 

The studies of Pal ladin 1151 show that the gray  and white mat te r  of the 

Recently, the use of radioactive isotopes has been employed in protein 

Palladin and Ver ta imer  1181, t ry ing  to determine the r a t e  of protein 
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sect ions of cat  b ra ins .  They found that the g ray  mat te r  of the ce reb ra l  
hemispheres  and of the cerebel lum (functionally the most complex and 
phylogenetically the youngest members  of the cent ra l  nervous sys t em)  
showed the highest ra te  of protein turnover .  The lowest ra te  of protein 
turnover  was found in the spinal cord,  which i s  functionally the l t a s t  
complex and phylogenetically the oldest member  of the cent ra l  nervous 
sys tem.  The ra te  of protein turnover  in the white mat te r  of the hemispheres  
w a s  s imi l a r  to that found i n  the spinal cord .  The ra te  in other  regions of 
the cent ra l  nervous sys tem was found to be intermediate  between these 
two ext reme values (Figure 8) .  

These resu l t s  were confirmed by Cohn, Gaitonde, and Richter  1191 
who studied the incorporation of S35 methionine into brain protein by means 
of autoradiography. They adminis tered methionine intraperitoneally o r  
intracis ternal ly  and found that the incorporation of radioactive methionine 
into gray  mat te r  protein is more  rapid than into white mat te r  protein. 

is unknown, the relat ive ra te  in the var ious brain sect ions has been 
determined to  some extent. 

Although the absolute value of the ra te  of protein turnover  in the brain 

FIGURE 8. Relative specific 
activity of protein sulfur i n  various 
sections of the brain 

1 - spinal cord; 2 - white matter 
of  the hemispheres; medulla 
oblongata; 4 - midbrain; 
5 - optical  tubera; 6 - gray matter 
of the cerebral hemispheres: I - 
cerebellum 

FIGURE 9. Relative specific 
activity of brain proteins 
i n  guinea pigs with vitamin 
C deficiency 

1 - control; 2 - vitamin C 
deficiency 

We have a l so  studied the ra te  of protein turnover  in the brain in  two 
vitamin deficiency conditions, vitamin C and vitamin E deficiencies, with 
the aid of radioactive methione / 18/. In vitamin C deficient guinea pigs 
the r a t e  of protein turnover  was somewhat lower than normal  (Figure 9 ) .  
However, the effect of vitamin E deficiency on protein turnover  was much 
more  pronounced. In vitamin E deficient rabbi ts  the ra te  of protein. 
turnover in the ce reb ra l  hemispheres ,  the cerebel lum, and the spinal  cord 
decressed  by 5070 on the average.  Under s tarvat ion the decrease  in the 
turnover  r a t e  in these regions w a s  considerably lower (Figure IO). 
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Nucleoproteins (ribonucleoproteins and deoxyribonucleoproteins) play an 
important ro le  in the brain.  Hyden obtained interest ing data on nucleo- 
proteins 1201 while studying frozen nerve cel l  s l i ce s  by means of 
microradiography. While determining the content of lipids, nucleoproteins, 
and proteins, he found that the composition of nerve ce l l s  changed with 
their  age; the i r  content of nucleoproteins decreased  while a s  that of 
lipoproteins increased.  

During enhanced neuron activity the content of nucleoproteins dec reases  
while that of proteins remains  unchanged. Thus there  a re  two types of 
a l terat ions in the composition of nerve cells: the age-dependent changes 
which develop slowly, and other  changes which proceed continuously and 
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FIGURE 10 .  Relative specific activity of proteins 
from various sections of the central nervous 
system of rabbits in vitamin E deficiency and 
starvation 

1 - control; 2 - vitamin E deficiency: 
3 - starvation 

- 
a r e  manifest in the decomposition and 
resynthesis  of nucleoproteins. These  
can  be considered a s  the chemical  
bas i s  of neuron function. 

Bulankin e t  a l .  1211. studied age- 
dependent changes in the s t ruc tu ra l  
proteins of white r a t  brain and found 
that the content of nucleic acids 
dec reases  with age, being replaced 
by lipids. Similar  age-dependent 
changes were found in whole brain 
t i s sue .  
proteins became r icher  in protein 
content. 

there  is a correlat ion between the r a t e  
of protein synthesis  and nucleic acid 
content in t i s sues .  The high content 
of nucleic acids in nerve t i s sue  leads 
t o  the assumption that they play an 
important ro le  in the activity of the 
nervous sys t em.  This  warran ts  the 

At the same  time the nucleo- 

Data f rom the l i t e ra ture  show that 

s tudy of nucleic acid metabolism and i t s  relation to  the physiological 
activity of the brain.  

Skvirskaya and Silich 1 2 2 1  determined the nucleic acid content of var ious 
sect ions of the cent ra l  nervous sys t em.  They found that the ce reb ra l  cor tex 
and the white mat te r  contained s imi l a r  amounts of nucleic acid.  The 
cerebel lum contained considerably more  nucleic acid, especial ly  
deoxyribonucleic acid, than the gray  and white mat te r  of the c e r e b r a l  
hemispheres  (Figures  11 and 1 2 ) .  

Palladin, Rashba and Shtutman 1231 developed a method for the isolation 
of nuclei from brain gray  ma t t e r .  With the aid of this  method they showed 
that nuclear nucleoproteins consist mainly of deoxyribonucleoprotein. It was 
found that the nuclei of the cortex contain 20 to  3070 ribonucleic acid and 
70 to  8 0 %  deoxyribonucleic acid / 2 2 / a n d  that the nuclei of the cerebel lum 
contain 1 2  to  13 yo ribonucleic acid and 87 to  88 70 deoxyribonucleic acid. 
This  observation led t o  the conclusion that there  is a correlat ion between 
the composition of cel lular  nuclei and ce l l  function. 

deoxyribonuclease led t o  the conclusion that the metabolic r a t e  of nucleic 
Studies on the activity of the depolymerizing enzymes ribonuclease and 
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acids  is much higher in the gray  ma t t e r  than in the white. The activity of 
ribonuclease and deoxyribonuclease w a s  highest in the gray  mat te r ,  
considerably lower in the white mat te r ,  and intermediate between these 
two e x p e m e s  in the cerebel lum. 

acid determination i n  t i s sues ,  and par t icular ly  in the brain.  It is known 
Much attention has  recent ly  been devoted to various methods of nucleic 

that fractionation of ribonucleoproteins 
by the method of Schmidt and 
Tannhauser  yields nucleoproteins 
contaminated with var ious other  
substances 124, 25, 2 6 1 .  Studies on 
nucleic acid phosphorus turnover  in  

s l ices  1291  with the aid radioactive 
phosphorus (P3’) have shown that the 
ra te  of turnover of deoxyribonucleic 
acid phosphorus i s  very  slow while 
that of ribonucleic acid phosphorus is 
somewhat fas te r ,  but s t i l l  much s lower 

RNA DNA phosphoproteins than that of phosphoprotein phosphorus. 
In our  s tudies  on nucleic acid 

FIGURE 11. Content of some phosphorus tractions phosphorus turnover in various 
fract ions of rabbit brain w e  found 1 2 2 1  in the gray and white matters of the cerebral 

hemispheres and i n  the cerebellum 
that the turnover r a t e  of ribonucleic 
acid phosphorus is s lower in the gray  
mat te r  than in the white mat te r  o r  in 
the cerebel lum. 
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S imi la r  data w e r e  obtained by Kreps 1 2 8 1 ,  who found that in rabbi ts  
the turnover  ra te  of ribonucleic acid in the cortex is lower than in the 
cerebel lum, midbrain, or medulla oblongata. In dogs, however, the highest 
r a t e  of ribonucleic acid phosphorus turnover  was found in the ce reb ra l  
hemispheres .  This  ref lects  the higher functional development of the 
ce reb ra l  hemispheres  in the dog. 

Gray matter of the cerebral hemispheres. . . 
Cerebellum . . . . . . . . . . . . . . . . . . . . . 
White matter of the cerebral hemispheres. . 

TABLE 8. Activity of ribonuclease, expressed in m g  P per 100 mg N hydrolyzed 
after one hour of incubation, and of deoxyribonuclease. expressed as the 
difference between the init ial  and final relative viscosities 

I .92 1.40 
3.03 1 .oo 
4.14 0.85 

Subject 

I I 1 Ribonuclease 1 
nuclease 

The different zones of the ce reb ra l  hemispheres  of dogs, corresponding 
t o  var ious cor t ica l  analyzers ,  display different turnover r a t e s  of phosphorus 
compounds. The motor  analyzer zone has  the highest r a t e  of ribonucleic 
acid and phospholipid turnover .  The high turnover  r a t e  of ribonucleic acid 
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in the white mat te r  of the c e r e b r a l  hemispheres  (and in the spinal  cord)  
indicates that the white mat te r  is not a metabolically inactive component 
of brain t i s sue .  

should be sought in protein metabolism. Of great  interest ,  in th i s  respec t ,  i s  the 
The key to the understanding of the functional propert ies  of brain t i s sue  

l.6 

12 

0.8 

0.4 

Rihoniiclease Pliosplioprotease Deoxyrihonuclease 

FIGURE 12. Eiizyniatic activity of various sections 
of  rahbit hrain 

1 - gray nidtter; 2 - wli i re  mairer: 3 - cerebellum 

phosphoprotein fraction encountered 
in a number of living t i s sues ,  
including nerve t i s sue .  The 
extremely high turnover  r a t e  of 
phosphoprotein phosphorus, shown 
in experiments  with radioactive 
phosphorus /30 ,31 ,32 / ,  indicates 
that phosphoproteins play an 
important ro le  in the brain.  The 
turnover  r a t e  of phosphoprotein 
phosphorus i s  much higher than 
that of nucleic acids  on phospho- 
lipids. 

on s l ices  f rom ra t  brain gray  
mat te r ,  established that the 
turnover ra te  of gray  mat te r  
phosphoproteins is much higher 
than that of other  phosphorus 
compounds, including nucleic acids .  

Engel'gardt 1331, inexper iments  

He found that the phosphoprotein turnover  ra te  depends on oxidative 
processes ,  and most  of all  on oxidative phosphorylation. 

a la rge  number of other  compounds, such a s  lipids and carbohydrates  
(glycogen). 

adequately studied, although the i r  presence in nerve t i s sue  i s  ent i re ly  
possible. 

solvents (in chloroform containing ethanol). 
lipoproteins in their  high lipid content. They a re  ex t remely  labile compounds. 
Proteolipids f rom human and bull brain contain s imi l a r  amounts of total  
nitrogen and phosphorus and have a s imi l a r  amino acid composition 1 3 5 1 .  

Brain proteins form complexes not only with nucleic acids ,  but a l so  with 

The problem of whether lipoproteins a r e  present  in brain t i s sue  has  been 

Folch 1341 isolated from the brain proteolipids soluble in organic  
Proteolipids differ f rom 

CARBOHYDRATES 

Nerve t issue does not contain large r e se rves  of carbohydrates ,  even 
though they se rve  a s  i ts  main energy source .  Brain glycogen content 
fluctuates within a range from 70 to 130 m g %  1361. 

of glycogen in muscle  and l iver ,  the presence of amylase in animal  t i s sue  
was denied, and fo rmer  data  /37,38,  391 confirming i t s  presence in bra in  
t issue w e r e  forgotten. However, the s tudies  of Rashba 1401 of our  institute 
have shown that brain t i s sue  is the source  of a very  active amylase.  This  

After the discovery of phosphorylase, which catalyzes  the hydrolysis 
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enzyme is bound to brain proteins and is re leased  during autolysis. The 
chief function of amylase is the hydrolysis of glycogen, while that of 
phosphorylase is the synthesis of polysaccharides. 

Cor i  1411 assumed that brain glycogen is formed by the combined action 
of phosphorylase (which synthesizes  nonbranched polysaccharides of the 
amylose type) of another enzyme which catalyzes  the conversion of amylose 
into the branched polysaccharide, glycogen. In our  institute both these 
enzymes,  phosphorylase and i somerase ,  w e r e  isolated f rom brain and 
separa ted  by ammonium sulfate fractionation 1421. While studying the 
enzymes responsible for  glycogen hydrolysis and synthesis  w e  a l so  
determined the glycogen content of var ious brain sect ions 1431. He found that 
glycogen is present  in the cortex of the ce reb ra l  hemispheres  and in the 
cerebel lum of healthy animals and that it is subject to  continuous metabolic 
conversion. 

The inaccuracy of the concept that the glycogen content of the bra in  is 
maintained at a constant level is c lear ly  seen  from resu l t s  of s tudies  on 
carbohydrate  metabolism of the brain in var ious functional s ta tes ;  in 
convulsions, for  example, amylase activity increases  and glycogen content 
dec reases  1441. 

in the brain is s imi l a r  to, o r  even higher than that of l iver  glycogen. 
S imi la r  r e su l t s  were obtained in s tudies  on glycogen content in the c e r e b r a l  
cortex, the  midbrain, the medulla oblongata, and the cerebel lum of mice 
under var ious conditions 1 4 6 1 .  

The question of whether glycolysis in the brain may proceed without the 
participation of phosphorus is of his tor ical  interest  only. It is now c l ea r  
that glycolysis, which is an energy-yielding reaction, may proceed only 
in  the presence of phosphorus. Brain ex t r ac t s  w e r e  shown to  contain 
intermediates  of glycolysis s imi la r  to those found in musc le .  Analogous 
enzymes of carbohydrate metabolism w e r e  a l so  found. 

of hexokinase in the brain, both in the gray  and in the white mat te r  1481. 
Hexokinase activity was found to  be higher in young animals  than adults 
1491. We have a l so  studied the propert ies  and function of other  enzymes 
present  in the brain, such a s  phosphoglucomutase 1 5 0 1 ,  aldolase 1511, 
and adenosinefriphosphatase 1 5 2 1 .  The la t te r  has  a l so  been studied by 
Gore 1531. The various brain sect ions exhibit different r a t e s  of glycolysis. This  
w a s  seen  f rom the resu l t s  of our s tudies  on the enzymes of carbohydrates  
metabol ism which showed that the activity of hexokinase, aldolase, 
phosphorylase, and adenosinetriphosphatase w a s  highest in the ce reb ra l  
cor tex and in  the cerebel lum. 

During the oxidative metabolism of glucose pyruvic acid is formed.  
Fur ther  oxidation of pyruvic acid in nerve t i s sue  undoubtedly proceeds 
according t o  the tricarboxylic acid cycle .  

Prokhorova 1451 has shown that the r a t e  of turnover  of C' glycogen 

We have confirmed the findings of Ochoa 1471 and o thers  on the presence  

LIPIDS 

Lipids play an important role  in the chemical  composition of nerve 
t i s sue .  They comprise  almost one-half of the d r y  weight of the brain and 
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an even g rea t e r  par t  of the spinal  cord .  The white mat te r  of the brain is 
r icher  in lipids than is the gray  ma t t e r .  Brain lipids consist mainly of 
cholesterol ,  glycerophosphatides, sphingomyelin, and cerebros ides .  

Apart f rom the long known glycerophosphatides, lecithin and cephaline, 
nerve t issue a l so  contains serinecephaline, obtained by Folch 1541 and 
acetylphosphatides, obtained by Feulgen 1 5 5 1 .  

his  col laborators  1561. Most of the acetylphosphatides found in the brain 
contain cholamine . 

st randine which, according to Klenk / 5 8 /  is a ganglioside. 

nonsaponifiable fraction in the gray  and white mat te r  of the ce reb ra l  
hemispheres  of animal and human brain by means  of adsorption chromato-  
graphy.  She showed that in human brain s t e ro l s  comprise  93% of the 
nonsaponifiable fraction from the white ma t t e r  and 85 7'0 f rom the  gray  
mat te r .  Cholesterol  is the main component in these s t e ro l s .  In addition, 
the gray  mat te r  contains 7-oxycholesterol, not found in white mat te r .  
Thus,  the functionally different brain sect ions differ f rom each other  both 
in the quantity and in the composition of their  s t e ro l s .  

Experiments  in vitro with brain s l ices  have shown that r a t  brain i s  able 
to synthesize phospholipids / S O / .  Synthesis of cholesterol  takes  place only 
in brain s l ices  f rom newborn r a t s  and i s  totally absent in adult r a t  brain 
s l ices  / E  11. Cholesterol  synthesis  was also observed in experiments  in 
vivo and was shown to  decrease  with the degree of growth of the r a t  1 6 2 1 .  

Recently a number of publications have appeared dealing with the isolation 
of var ious lipids f rom different brain sect ions and with the ra te  of 
incorporation of radioactive phosphorus into various lipids 1631. 

The cent ra l  nervous sys tem is not a homogeneous entity. Apart f rom 
the many types of neurons with different metabolic processes ,  it a l so  
contains a large amount of s eve ra l  types of glia and var ious other  e lements .  
Because of this,  the study of enzyme sys t ems  and of metabolic processes  
must  be conducted with individual cel ls  and with subcellular f ract ions.  
In this  respect  the combined biochemical and morphological studies of 
Flexner 1641, Bodian /65/  and Pope / 6 6 /  a r e  of great  value.  This  is a l so  
t rue  of the recent  investigations of Aboad e t  a l .  / 6 7 /  who separa ted  the 
g ray  matter  of the brain and the white mat te r  of the spinal  cord  into four 
fractions - nuclei, mitochondria, supernatant, and lipids - and analyzed 
these fract ions for  their  content of different substances (nucleic acids  and 
a number of phosphorylated compounds) and for  their  enzymatic activity 
(oxidative, phosphorylative and seve ra l  glycolytic enzymes ). 

The composition of glycerophosphatides has  riot been adequately studied. 

Acetylphosphatides w e r e  isolated from the brain by Thannhauser and 

Folch 1 5 7 1  isolated from the brain a carbohydrate  r ich  lipid called 

Polyakova 1591 of our Institute, determined the composition of the 

COMPARATIVE BIOCHEMICAL STUDIES 

A useful approach to the study of the biochemistry of the cent ra l  nervous 
sys t em is that of comparative biochemical investigations, that i s ,  by 
studying chemical  processes  in the brain during ontogeny and phylogeny. 
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Kreps  e t  al .  1 6 8 ,  691 at the I .  P. Pavlov Physiological Institute in 
Leningrad have s ince 1946 been engaged i n  biochemical s tudies  of the brain 
during ontogenetic development. Kreps  studied the development of activity 
in a number of enzymatic sys t ems  of the brain and compared the 
morphological development and functional maturation of the cent ra l  nervous 
sys tem with biochemical development. His s tudies  on brain carboanhydrase 
in ver tebra tes  of var ious ontogenetic development have shown that in the 
lower ver tebra tes  the brain s t em is r iches t  in carboanhydrase whereas  in 
the higher ver tebra tes  the highest enzymatic activity is found in the ce reb ra l  
cor tex 1 7 0 ,  711. 

charac te r i s t ic  for  each  animal  species  studied, ref lect ing the specificity 
of embryogenesis ,  and corresponds to the functional development of the 
nervous sys tem 1721 .  One may assume that carboanhydrase has  a definite 
physiological significance in the brain,  probably connected with acid-alkali 
equi l ibr ium. 

of animals ,  there  is a gradual  increase  in r e sp i r a to ry  activity and dec rease  
in anaerobic glycolysis 1 7 3 1 .  At the same  t ime there  is an increase  in the 
activity of cytochrome oxidase and of the en t i re  cytochrome sys tem in 
bra in  t i s sue  1741. 

oxidation and phosphorylation is maximum in the ce reb ra l  cor tex and 
considerably lower in the brain s t em and spinal  cord.  The enzymatic 
activity of the cerebel lum is a l so  very  high, at t imes  equal  to that of the 
cortex 1 7 5 ,  7 6 1 .  These  resu l t s  agree  with ou r  previously obtained data 
which showed that the activity of enzymes involved in carbohydrate 
metabol ism was maximal  in  the ce reb ra l  cor tex.  

cord  of young r a t s  in the process  of development. 

ribonucleic acids ,  and phospholipids differs  in var ious regions of the 
cent ra l  nervous sys tem and that there  is a correlat ion between the level 
of functional development and the r a t e  of phosphorus metabolism in var ious 
bra in  sect ions.  

Bieth 1 7 8 ,  7 9 1  conducted comparative s tudies  on the bra in  composition 
of adult animals  f rom seve ra l  c l a s ses  of ver tebra tes  and a l so  investigated 
acid-soluble phosphorus compounds in developing r a t  brain (three-days 
to  one-year-old). 

phosphoproteins in  rabbi t  brain during var ious periods of embryonic and 
postembryonic development. They found that the content of both nucleic 
acids  is ve ry  high during the ea r ly  s tages  of embryonic development and 
gradually dec reases  with the growth of the embryo.  After bir th  the r a t e  
of decrease  falls  until, at one month, it levels  off and the nucleic acid 
content approaches the normal  adult level. 

s tages  of development. It dec reases  somewhat by the ninth day af ter  birth, 
and reaches the adult level  by the end of the f i r s t  month ( see  Table  9 ) .  

Changes in the activity of brain deoxyribonuclease a r e  concomitant 
with the development and appearance of new functions. Thus,  for example, 

The development of brain carboanhydrase during ontogeny is 

In the evolution of ver tebra tes ,  proceeding f rom lower to higher fo rms  

In mammals  and b i rds  the activity of enzyme sys t ems  participating in  

Bayl iss  1771  studied the activity of chol inesterase in the brain and spinal  

Kreps 1281  has shown that the turnover  r a t e  of phosphoproteins, 

Skvirskaya and Silich 1 2 2 1  studied the metabolism of nucleic acids  and 

The phosphoprotein content of the brain is a l so  high during the ea r ly  
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the activity of deoxyribonuclease increases  towards the 20th day of 
embryonic development, which probably re la tes  to an increased 
differentiation of organs.  A second rise in activity can be observed on the 
9th day af ter  birth, at the time of the appearance of vision. 

TABLE 9. Nucleic acid and phosphoprotein content in the brain of rabbit embryos and of rabbits of 
various ages ( i n  m g  To of dry weight) 

Embryos: 
16- 20 days . . . . . . . . . . . . . . . . . . . . . . . .  
26-29 days . . . . . . . . . . . . . . . . . . . . . . . . . .  

Newborn . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Young rabbits : 

9-10 days . . . . . . . . . . . . . . . . . . . . . . . . . .  
One month . . . . . . . . . . . . . . . . . . . . . . . . . .  

Adult rabbits . . . . . . . . . . . . . . . . . . . . . . . . . .  

~~ 

RNA 

416 
321 
298 

236 
195 
166  

Phosphorus 

DNA 

3 68 
140 
148 

89 
48 
37 

Phosphoprotein 

20.8 
31.0 
21.7 

18.0 
3.7 
6.7 

METABOLISM AND FUNCTION 

The brain is character ized by a very  active metabolism. In the waking 
s ta te  the tempera ture  of the brain is higher than that of a r t e r i a l  blood by 
0.5". The brain of the human adult uses  about 2 5 %  of the total  oxygen 
consumed 1 8 0 1 .  

Neither the metabolic nor the functional activity of the brain a r e  eve r  
a r r e s t ed .  The metabolic activity of the brain may be higher or lower ,  
depending on i t s  degree of functional activity. Thus,  it is constantly 
changing. The greatest  changes in brain activity and metabolism can be 
found under experimental  conditions of excitation or  inhibition. Because 
of this  the effect of these two functional s ta tes  on brain metabolism has 
been widely studied. 

t he re  is an accumulation of energy-r ich phosphorus compounds, whereas  
during heightened activity these compounds a r e  hydrolized, a s  manifest 
in the increased r a t e  of glycolysis and formation of lact ic  acid. Olsen and 
Klein / 8 1 /  have shown that during convulsions produced by stimulation 
with an e lec t r ic  cur ren t  the content of glucose, glycogen, ATP,  and 
phosphocreatine in ca t  brain decreases ,  whereas  the content of inorganic 
phosphorus and of lact ic  acid increases .  
during convulsions produced by camphor o r  strychnine 1 8 2 1 .  It is of 
in te res t  that ATP content changes less in r a t s  than in ca t s .  

c rea t ine .  The ATP content dec reases  only slightly s ince ATP is being 
resynthesized at the expense of phosphocreatine. The phosphocreatine 
content gradually r e tu rns  to a normal  level, 11 to  30 seconds af ter  e lec t r ic  
stimulation 1 8 3 1 .  

Thus,  for example, studies have shown that during s leep  or anesthesia  

Lactic acid content a l so  inc reases  

During stimulation the re  is an ex t remely  rapid degradation of phospho- 
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Experiments  on the action of narcot ics  have shown that they produce an 
increase  in the content of ATP and phosphocreatine and a decrease  in 
lactic acid content. Thus the changes observed during narcos is  a r e  
opposed to  those observed during convulsions. Narcot ics  a l so  inhibit the 
deamination of adenylic acid 1841. 

synthesis  of nucleoproteins and phospholipids in mouse brain is inhibited 
under nembutal narcos is  1 8 5 1 .  During s leep,  the content of lact ic  acid 
in r a t  brain a l so  decreases ,  though somewhat less than during narcos is  1861 

McIlwain e t  al. used the technique of stimulating brain s l i ce s  with an 
e lec t r ic  cur ren t  in o rde r  to  study in vi t ro  the metabolic processes  of the 
brain duringexcitation 1871. Ayres  and McIlwain developed a special  apparatus  
for  this purpose / 8 8 / .  Thei r  studies have shown that when brain slices a r e  
s t imulated there  is an increase  in their  r e sp i r a to ry  activity with a 
concomitant increase  in the acid.  Also, thc content of c rea t ine  phosphate 
dec reases  /89/ while that of inorganic phosphate increases  1901. Analogous 
resu l t s  can be obtained with 2,4-dinitrophenol. These r e su l t s  correspond 
to  those obtained with experiments  in vivo. 

McIlwain used brain s l i ce s  to study brain metabolism under conditions 
causing severe  hypoglycemia, during which brain activity dec reases .  The 
exhausted brain t i s sue  did not respond to  e lec t r ic  s t imuli  by an increased  
r a t e  of resp i ra t ion  when glucose was added to  the medium. However, it did 
not lose the capacity to accumulate lactic acid f rom glucose 1911. McIlwain 
a l so  studied the effect of var ious concentrations of glucose and the effect 
of e lec t r ic  impulses  on resp i ra t ion  and glycolysis in brain s l ices  of man, 
r a t s ,  and guinea pigs. He found that e lec t r ic  impulses  increased  the r a t e  
of resp i ra t ion  1921. 

s l ices  stimulated by e lec t r ic  impulses; he found that under these conditions 
c rea t ine  phosphate decomposed at the ra te  of 1400 m m o l e s / g / h r  a f te r  a 
latent period of 2-3  seconds, and that decomposition was complete af ter  
5 seconds.  The decomposition w a s  preceded by a slight decrease  in ATP 
content, which returned to normal  by the t ime creat ine phosphate began to 
decompose. When the impulses  were stopped af ter  7 seconds, the level  of 
creat ine phosphate re turned to  normal  af ter  20 seconds.  

Severa l  invest igators  have studied the formation of ammonia in the brain 
during excitation or  inhibition of the nervous sys tem.  Vladimirova (1938') 
has  shown 194, 951 that excitation of the cent ra l  nervous sys tem with camphor is 
accompanied by an increase  in ammonia formation and by an accumulation 
of lact ic  acid in  brain t issue,  while inhibition with urethane is accompanied 
by a decrease  in the content of ammonia. Unconditioned pain s t imul i  
(e lec t r ic  cur ren t ) ,  with the ref lectory excitation which they elicit ,  a l so  
lead to an  increase  in ammonia content 1961. On the other  hand, all  
inhibitory fac tors  lead to  a decrease  in the ammonia content of the bra in .  

brain increases  during convulsions caused by picrotoxin, during e l ec t r i c  
stimulation, and in anoxia, and decreases  during nembutal narcos is .  

ammonia in brain t i s sue  1981. Ammonia may also be formed by the 
deamination of glutamine, with the formation of glutamic acid.  During the 
res tora t ion  period, which follows stimulation, ammonia is removed 

Dawson and Richter ,  in experiments  with P32, have found that the 

Heald 1931 studied the conversions of creat ine phosphate in cor t ica l  

Richter  and Dawson (1948) have also found 1971 that the ammonia content of the 

In contrast  to  muscle  t i s sue ,  adenylic acid is not the only souce of 
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and the content of glutamine increases  /99,  l o o / .  Thus,  the glutamine- 
glutamic acid sys tem participates in the regulation of the ammonia level in 
bra in  t i s sue .  

METABOLISM DURING EXCITATION O F  
NERVOUS SYSTEM 

F o r t h e  past  s e v e r a l y e a r s  / l O l ,  102/ ,  while studyingbrainmetabolismin 
var ious functional s ta tes  (some resu l t s  of these studies have already been 
published), w e  have devoted par t icular  attention to the s ta tes  of inhibition 
and excitation of the nervous sys tem /103, 104, 105, 106/ .  

Pavlov had more  than once s t r e s sed  that the main  processes  which 
charac te r ize  higher nervous activity a r e  those of excitation and inhibition 
and that understanding them depends on the elucidation of the physical and 
chemical  propert ies  of the nervous sys tem / 107/ .  

inhibition of the brain may be produced experimentally by var ious means 
and that the metabolic processes  of the brain may differ, depending upon 
the agent used. However, our purpose was,  at f i r s t ,  to obtain a general  
idea of the main charac te r i s t ics  of brain metabolism during excitation and 
inhibition. W e  therefore  decided to begin with the use of pharmacological 
drugs a s  agents of excitation and inhibition. Having establ ished the main 
metabolic t rends ,  w e  would then also r e so r t  to the use of physiological 
s t imuli ,  and to unconditioned and conditioned re f lexes .  

made use of physiological s t imuli ,  when Gorodisskaya / 108/ studied the 
effect of natural  s t imuli  on proteolysis in the optical zone of the ce reb ra l  
cor tex and showed that the stimulation of this  zone was accompanied by an 
inc rease  in protein metabol ism.  

We have studied the metabolism of nucleic acids ,  carbohydrates ,  ATP,  
phosphoproteins and phospholipids. The experiments  were conducted on 
rabbi ts ,  dogs and r a t s .  To avoid the decomposition of labile phosphorus 
compounds a s  a resu l t  of the stimulation produced by decapitation, the 
animal  received an intravenous injection of one ml of a 1 0 %  solution of 
hexenal pr ior  to  decapitation. After decapitation the brain was frozen in 
liquid a i r .  Excitation w a s  produced by pervitin which, like benzedrine, 
is widely used a s  a stimulant of the nervous sys tem,  and by cardiazol ,  
which is a l so  useful for this purpose. 

administration of la rge  doses  of cardiazol  o r  by an e lec t r ic  cu r ren t ,  and 
leading to  convulsions. W e  found that under these conditions the content of 
ATP and glycogen in the brain decreased / l o g ,  110/ .  Our data  (F igures  13 
and 14) confirmed the resu l t s  of Olsen and Klein, / 81 /  and of other  
invest igators  / I ,  1 1 I / .  

where excitation was produced by a single administration of pervitin 
(5-7 m g  per  kg of body weight) o r  card iazol  (50-70 m g  per  kg of bodyweight) 
four hours pr ior  t o  decapitation, w e  found that these s t imulants  produce 
unlike changes in brain metabolism / 109/ .  In pervitin-induced excitation 

In designing our  experiments  we were aware that excitation and 

In the ea r ly  s tages  of our  r e sea rch  on brain biochemistry w e  had already 

We f i r s t  studied the effect of prolonged excitation, caused by the 

In experiments  more  closely approaching physiological conditions, 
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the content of preformed lact ic  acid decreased,  compared to  control  animals  
or to  those receiving cardiazol  / 112 / .  The content of ATP and of glycogen 
increased af ter  the administration of pervitin but hardly changed when 
cardiazol  was adminis tered.  The content of ribonucleic acid a l so  increased 
somewhat / 1 1 3 /  (Figure 15). 
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FIGURE 13. Glycogen content 
of  dog brain during the state 
o f  convulsion 

1 - control; 2 - convulsions 

B -1 

0-2 

FIGURE 14. ATP content of 
rat brain during the state of 
convulsion 

1 - control; 2 - convulsions 

Analysis of the phospholipid content during pervitin excitation showed 
11141 that there  was no detectable change in the total phospholipid content 
and in the content of saturated and unsaturated phospholipid fract ions in the 
interval  of three  hours  af ter  the administration of pervitin. 
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FIGURE 15. T h e  content of glycogen and 
lactic a c i d ,  and glycolytic intensity in 
rabbit brain during excitation 

1 - control; 2 - administration of pervitin: 
3 - admirlstration of cardiazol 
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FIGURE 16. T h e  content of ATP phosphorus 
and of inorganic phosphorus in rabbit brain 
during excitation 

1 - control; 2 - pervitin: 3 - cardiazol 
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However, with the use of radioactive phosphorus, we were  able t o  show 
that the incorporation of phosphorus into both fractions of phospholipids 
during pervitin excitation proceeds in  a manner different f r o m  that i n  
control animals .  This  shows that changes in the functional s ta te  of the 
nervous sys t em a l so  br ing about changes in phospholipid turnover .  

changes in brain metabolism, due to the difference in the i r  physiological 
effects.  In pervit in excitation the r a t e  of carbohydrate metabolism 
increases ,  with a concomitant accumulation of ATP,  which enhances the 
activity of the nervous sys tem.  Thus,  pervit in has  a s t imulatory effect 
upon the nervous sys tem.  Cardiazol,  on the other  hand, br ings about 
excitation of the c e r e b r a l  cor tex without increasing i t s  activity. 

Vladimirov 11151 studied the effect of excitation of the cent ra l  nervous 
sys t em on the r a t e  of turnover of ribonucleic acid and phospholipids. 
Excitation was produced in r a t s  by an  e l ec t r i c  cur ren t  acting fo r  a period 
of th ree  hours  (with intervals)  on skin receptors .  These  s tudies  showed 
that excitation of the brain resulted in an  increase  in the turnover  r a t e  of 
phospholipid and ribonucleic acid phosphorus. The r a t e  of ribonucleic acid 
turnover  increased by 20 70 and that of phospholipids by 50 70. 

In these experiments  one must  take into account the fact that the nature 
of the excitation may  differ, depending upon the agent used and upon the 
duration of i t s  action on the nervous sys tem,  We therefore  determined the 
turnover  r a t e  of phosphorus compounds in the brain during var ious t ime 
intervals  af ter  the administration of pervitin or cardiazol  (after 1, 2 and 
4 hours) .  

brain decreased one hour af ter  the administration of pervit in,  and then 
began to  r i s e .  After two hours  it approached control values,  and af ter  
four hours  was considerably higher than that of control animals .  These  
data  confirmed the r e su l t s  of o u r  previous experiments  in which A T P  
content was determined four hours  af ter  administration of pervit in.  In  
addition, they revealed the kinetics of A T P  changes. Changes in inorganic 
phosphorus content w e r e  in an  opposite direction. 

Different r e su l t s  were obtained with cardiazol .  A T P  content increased 
one hour after administration of cardiazol  and then began t o  fa l l .  
two hours  i t  was lower than in control animals ,  and af ter  four hours  s t i l l  
lower .  Again inorganic phosphorus gave different r e su l t s  (Figure 1 6 ) .  

These  experiments  showed once again that pervit in and cardiazol ,  having 
different physiological activities, affect A T P  metabolism differently.  

We also studied the condition of chronic hyperexcitation, which was  
elicited by prolonged stimulation with electric cur ren t  or by dis turbance 
of physiological s l eep .  In the f i r s t  instance r a t s  were  kept in a spec ia l  
e lectrode cage and were  subjected daily for prolonged per iods of t ime 
(1-18 months) t o  an electr ic  cur ren t  of 25 to  40 V. In the second instance 
we kept the rats for t h r e e  days  in a rotating d rum,  rotating eve ry  5 minutes 
for  30 seconds.  As a r e su l t  the r a t s  were  unable to  s leep  for three  days .  

These  studies showed 11171 that during chronic insomnia the r a t e  of 
glycolysis decreased somewhat. The  content of glycogen remained almost  
unchanged, while that  of A T P  decreased  (Figure 17). A T P  content also 
decreased  during prolonged stimulation with an e l ec t r i c  cur ren t .  

It m a y  thus be seen  f rom our  s tudies  that different drugs elicit  different 

The r e su l t s  of o u r  investigations 11161 showed that the ATP content of the 

After 
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During prolonged excitation with an e lec t r ic  cur ren t  1 2 2 1  the nucleic 
acid and phosphoprotein content remained almost unchanged. However, 
by using P3' w e  were able to  show that i n  spi te  of the absence of an overa l l  
change in nucleic acid content, there  i s  a change in the turnover  r a t e  of 
nucleic acids  during chronic excitation of the nervous sys tem,  namely, 
a decrease  in the ra te  of ribonucleic acid turnover .  

We have investigated a fur ther  aspect of brain metabolism during the 
condition of hyperexcitation - the "disruption" of nervous activity due to  
two opposing stimuli: conditioned al imentary (the ringing of a bell), and 
nonconditioned (electr ic  cur ren t ) .  The elaboration of conditioned ref lexes  
in r a t s  and the "disruption" of nervous activity w e r e  ca r r i ed  out according 
t o  the method of Gorsheleva / 1181. 

After the elaboration of the conditioned motor a l imentary ref lex to the 
ringing of a bell had been accomplished, an e lec t r ic  cur ren t  of 20-30 volts 
was applied for  10 seconds simultaneously with the ringing of the bell.  
After 8 to 10 days of this t reatment  the conditioned reflex disappeared: 
the r a t s  no longer r a n  to  the source  of food at the sound of the bell.  
Thereaf ter ,  these r a t s  w e r e  used for  the experiments .  

the brain decreased and that of inorganic phosphorus increased.  Lactic 
acid content and the r a t e  of glycolysis a l so  increased (Figure 18). 
Determination of the relat ive specific activity of ATP phosphorus af ter  
administration of P showed that the turnover  r a t e  of ATP phosphorus 
increased .  

It must be assumed that in experiments  of this type ("disruption" of 
nervous activity) w e  a r e  dealing with an overburdening of the nervous 
sys t em and with exhaustive stimulation. 

Analyses performed on these r a t s  showed that their  content of ATP in 

92 
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It is thus seen  that excitation of the nervous sys tem elicited by agents 
which closely resemble  physiological ones leads to a cer ta in ,  although 
slight, increase  in the content of ATP, inorganic phosphorus, and 
glycogen, and also to an increased ra te  of glycolysis. The turnover ra te  
of ribonucleic acid, phosphoproteins, and phospholipids a lso increases ,  
a s  judged by an increase in the relat ive specific activity of P3' in these 
compounds. 

However, the action of very  s t rong  s t imuli  for  a prolonged period of 
t ime may a l te r  the above situation. Under these conditions exhaustion of 
the nervous system may take place; or ,  in other  words, the s ta te  of 
excitation may pass  into the s ta te  of inhibition. 

METABOLISM DURING INHIBITION O F  
NERVOUS ACTIVITY 

Inhibition of nervous activity was affected by sodium medinal o r  sodium 
amytal, two pharmacological drugs which produce narcotic s leep.  The drugs 
w e r e  administered in smal l  doses  and the s leep  produced was s imi la r  to natural  
s leep .  The animals under narcotic s leep  reacted to noise, touch, e t c .  

Studies on carbohydrate metabolism in rabbi ts  during a four-hour 
narcotic s leep  showed that the ra te  of glycolysis remained quite high 
and differed only slightly f rom that of control animals .  Glycogen content 
did not increase .  These data indicate that the ra te  of carbohydrate 
metabolism remains  sufficiently high but that the expenditure of carbo-  
hydrates apparently diminishes (Figure 19). The content of A T P  increased 
/ l o g /  (Figure 20). 

No changes were observed in the content of nucleic acids in r a t  brain 
during narcotic s leep  
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FIGURE 19. Carbohydrate 
metabolism in rabbit brain 
during narcotic sleep of 
four-hour duration 

1 - control; 2 - narcotic 
sleep 

On the other hand, deoxyribonuclease activity 
increased.  The more  prolonged the narcotic s leep  
the higher was the activity of deoxyribonuclease. 

We also studied /102/  the ra te  of incorporation 
of PS into ribonucleic acids ,  phosphoproteins, 
and phospholipids of r a t  brain during a 24-hour 
narcotic s leep  produced by urethane and medinal. 
The resu l t s  showed that the relat ive specific 
activity of RNA phosphorus decreased by 27.6 70, 
that of phosphoproteins by 19.2%, and that of 
phospholipids by 22.870. Thus, it is seen  that during 
narcotic s leep  the turnover  ra te  of RNA, phospho- 
proteins, and phospholipids decreases  (Figure 21). 

who studied the effect of narcotic s leep,  induced 
by hexanastab or amytal, on the turnover  r a t e  of 
phospholipid and ribonucleic acid phosphorus in 
r a t  brain.  He found that during narcot ic  s leep  the 
turnover  ra te  of brain ribonucleic ac ids  and 
phospholipids dec reases .  In the majori ty  of ca ses  
amytal  s leep  was deeper  and changes in the r a t e  
of RNA and phospholipid turnover  more  s t rongly 
pronounced. 

Similar  resu l t s  w e r e  obtained by Vladimirov /I 15/ 
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The functional s ta te  of the brain had no marked effect on the content 

Thus, the s ta te  of inhibition produced by s leeping pills is character ized 
of brain phospholipids. 

by a lower r a t e  of brain metabolism: the content of ammonia decreases ;  the 
ra te  of oxidation, glycolysis, and glycogen turnover  decreases ,  and so  
does the turnover  r a t e  of phospholipid and ribonucleic acid phosphorus. 
The content of ATP increases ,  a fact indicative of the preparation for  
future brain activity. 

According to  Pavlov inhibition is a process  protecting nerve ce l l s  from 
exhaustion and facilitating the restorat ion of the i r  function. Our data show 
that during narcotic s leep  metabolic activity, though lower, is s t i l l  quite 
high and that favorable conditions a r e  c rea ted  for  synthetic processes ,  
which a r e  prerequis i te  for  the restorat ion of brain activity. 
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FIGURE 20. ATP content 
of rat brain during narcotic 
sleep of four-hour duration 

1 - control; 2 - sleep 
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FIGURE 21. Effect of a 24-hour narcotic sleep on 
the relative specific activity of phospliorus 
compounds i n  rat brain. Ps2 was administered two 
hours before the determinations 

1 - control; 2 - sleep 

The above changes were observed during s leep  of short  duration. We 
asked ourselves  whether these changes would remain unaltered during a 
prolonged narcotic s leep  (e.g. ,  of 96-hour duration). In this purpose w e  
decided t o  study the metabolism of r a t  brain during narcotic s leep  caused 
by subcutaneous injections of a mixture  of urethane and medinal (adminis tered 
twice daily during s leep  of var ious duration - 4, 24,  48, and 96 hours ) .  

Our  experiments  showed that changes in brain metabolism during 
prolonged s l eep  differed from those observed during s leep  of shor t  duration. 
After 96 hours  of s leep  the content of lactic acid increased ( ra ther  than 
decreased) ,  while that of ATP did not. The ra te  of ATP turnover  increased,  
a s  judged by the relat ive specific activity of ATP phosphorus (Figure 2 2 ) .  
It may  be assumed that the changes in brain metabolism during prolonged 
narcot ic  s leep  a r e  due to  the toxic effect of the drugs.  This  assumption 
is strengthened by the general  appearance of animals  after 96 hours  of s leep.  

s leep)  degradation processes  slow down, the r a t e  of turnover  of glycogen, 
It can be concluded that during inhibition of nervous activity (narcotic 
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ribonucleic acid, and phospholipids slows down, and the content of ammonia 
dec reases .  The  content of glycogen and of ATP increases .  Conditions which 
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FIGURE 22. Content of preformed lact ic  
ac id ,  and rate of glycolysis during narcotic 
sleep of varying duration 

1 - control: 2 - 24-hour sleep: 3 - 
4&hour sleep: 4 - 96-hour sleep 

favor synthetic processes  are crea ted ,  
thus facilitating the restorat ion of brain 
activity after waking. 

I have presented here  some of the main 
resu l t s  of a number of s tudies ,  including 
ours,  on the biochemistry of the brain,  
with par t icular  emphasis  on brain 
metabolism under var ious environmental 
and functional conditions. 

F r o m  the data  presented in this  paper 
it may be seen  that much has  been done 
t o  elucidate the s t ruc ture  of functionally 
different sect ions of the cent ra l  nervous 
sys tem and the metabolic processes  of the 
brain (especially carbohydrate metabolism). 
Some light has  been shed on seve ra l  
problems of functional biochemistry, 
par t icular lyon the biochemistry of excitation 
and inhibition of nervous activity, the two 

most important physiological s ta tes  of the  nervous sys tem.  Studies of this  
kind show that excitation and inhibition a r e  accompanied by var ious,  
general ly  diametr ical ly  opposed changed in brain metabolism. 

In spite of the progress  in this field many problems remain unsolved. 
The  ultimate goal of functional biochemistry is to  revea l  the biochemical 
bas i s  for  the activity of the various brain sect ions and to understand brain 
metabolism to  such an extent a s  to  be able to control  i t .  
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BIOCHEMICAL CHARACTERIZATION OF FUNCTIONALLY 
DIFFERENT SEGMENTS OF THE NERVOUS SYSTEM* 

In o rde r  to  understand the problems involved in the functional bio- 
chemis t ry  of the nervous sys tem and to  elucidate the relat ion between 
specific functions of the various brain sect ions and their  chemical  
composition and metabolism, studies should be conducted on the chemical 
composition and metabolism of the functional and s t ruc tura l ly  different 
sect ions of the cent ra l  and per ipheral  nervous sys t ems .  

F i r s t  data on the chemical  composition of different sect ions of the nervous 
sys t em w e r e  obtained at the end of the 19th century by A.  Ya. Danilevskii 111, 
D. Petrovskii, B. Slovtsov, A .  Lents, and o thers .  They found that the 
more  complex the function of a specific section of the cent ra l  nervous 
sys tem the higher is the protein content of that react ion.  According to  
Petrovski i  1 2 1 ,  the gray  mat te r  of the ce reb ra l  hemispheres  contains 
55.3 70 protein (per  d r y  weight of t i s sue)  and the white mat te r  only 24.7 %. 
Slovtsov, and A. Georgievskaya 1 3 1  found the following protein 
composition in var ious sect ions of the nervous sys tem:  the ce reb ra l  cor tex-  
51 %, the white mat te r  of the bra in-  3370, the spinal  cord  - 31 %, and 
the sciat ic  nerve - 29%. 

mat ter  of the c e r e b r a l  hemispheres ,  followed by the white ma t t e r  of the 
brain and the spinal  cord .  The per ipheral  nerves  are lowest in protein 
content. Thus, the more  complex the function of a given sect ion of the 
nervous sys tem the higher is i t s  protein content. 

A.  Palladin and E .  Rashba have studied the distribution of proteins, 
creat ine,  and water  in var ious 
of phylogenetic development. They found /41 that, in all animals  studied, 
the highest protein content is found in the ce reb ra l  cortex, followed by the 
cerebel lum. The lowest protein content is found in the white mat te r  of the 
hemispheres .  The differences in protein content between the different 
brain sect ions w e r e  most  pronounced in mammals ,  that is, in animals  with 
a highly developed cent ra l  nervous sys tem.  In b i rds  - animals with a less 
differentiated nervous system- these differences w e r e  less pronounced. 

To  confirm the relat ion between the complexity of function and protein 
content w e  determined the chemical  composition of the gray  ma t t e r  of 
var ious brain sect ions 151. Amongthe sect ions studied w e r e  the ce reb ra l  cortex, 
the subcort ical  ganglia, the cerebel lum, and the spinal  cord .  The resu l t s  showed 
that the c e r e b r a l  cor tex,  which is functionally the most  complex and phylo- 
genetically the youngest: section, has  the highest protein content. The gray  
mat te r  of the cortex of the cerebellum and of the subcort ical  ganglia is poorer  
in protein content. The lowest protein content w a s  found in the g ray  mat te r  of the 

We have already seen  that the highest protein content is found in the gray  

brain sect ions of animals  in various s tages  

Lecture read at the 9th Congress of the All-Union Society of Physiologists, Biochemists and Pharmacologists, 
Minsk, 16 June 1959 (Ukrayins'kyi Biokhimichnyi Zhurnal, Vol. 31. p. 765-179. 1959). 
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spinal  cord  which is functionally the leas t  complex and phylogenetically the 
oldest section. Similar  resu l t s  w e r e  obtained by Lents / 5a /  who found that 
the g ray  mat te r  of the brain w a s  r i che r  in protein content than was the 
gray  mat te r  of the subcort ical  ganglia. 

We also determined the chemical  composition of the spinal  cord  ganglia 
in seve ra l  sect ions of the autonomous nervous sys tem and showed that here  
a l so  the phylogenetically youngest sect ions a r e  the r ichest  in nitrogenous 
substances 161. 

In these studies w e  determined the total  protein content in the var ious 
sect ions of the nervous sys tem.  However, one may assume that the var ious 
functionally and s t ruc tura l ly  different par t s  of the nervous sys tem have 
different specific proteins associated with them. This  prompted us (Palladin 
and Goryukhina) to  separa te  the proteins f rom nerve t i s sue  into four  
f ract ions (water-extractable, extractable  with 4.5 70 potassium chloride, 
extractable  with-0.1 N sodium hydroxide, and insoluble res idue)  and to study 
the content of these fract ions in the gray  and white mat te r  of the ce reb ra l  
hemispheres .  

The resu l t s  showed / 7 /  that the gray  mat te r  is r ichest  in water-soluble 
proteins .  Water-soluble proteins comprise  about 30 7'0 of the total  proteins  
in the gray  mat te r ,  whereas  in the white mat te r  they comprise  about 19 70. 
White mat te r ,  on the other hand, contains much more  insoluble protein 
residue - 2 2 %  in the white mat te r  versus  5 %  in the gray  ma t t e r .  

She studied soluble proteins f rom various sect ions of the cent ra l  and 
per ipheral  nervous sys tems by means of paper e lec t rophores i s .  These 
studies 18, 9 /  showed that there  a re  about 6 to 7 protein fract ions in the 
gray  and white mat te r  of the ce reb ra l  hemispheres ,  the cerebellum and 
the spinal  cord.  

The various sect ions of the cent ra l  nervous sys tem differ f rom each 
other  both i n  the number of protein fract ions and in the content of each of 
the fractions, which consist mainly of globulins. Negligible amounts of 
albumin w e r e  found in the cent ra l  nervous sys t em.  In contrast  to the cent ra l  
nervous sys tem,  the per ipheral  nerves  contain considerable amounts of 
albumin / 10-121. Thus, functionally and s t ruc tura l ly  different sect ions of 
the nervous sys tem differ f rom each other both in protein content and 
composition. 

to P o r t e r  and Folch-Pi  1131 the ce reb ra l  hemispheres  a r e  r icher  in copper-  
containing proteins than is the white mat te r .  

r a t e  of protein metabolism we (Palladin and Ver ta imer)  studied the r a t e  of 
incorporation of S35 methionine into proteins of var ious sect ions of the 
cent ra l  nervous sys tem of ca ts .  W e  found 1141 the following average specific 
activities of proteins: the gray  mat te r  of the ce reb ra l  hemispheres  - 0.23, 
the white mat te r  of the ce reb ra l  hemispheres  - 0.10, the cerebel lum - 
0.23, the optical tubera - 0.19, the midbrain - 0.17, the medulla oblongata 
- 0.14, and the spinal  cord - 0.08. 

cor tex and in the cerebel lum, which a r e  functionally the most  complex 
sect ions of the cent ra l  nervous sys tem.  The lowest r a t e  of protein 
metabol ism is found in the spinal  cord,  which is functionally the least  

The data of N .  Polyakova from our  Institute a r e  even more  convincing. 

Copper-containing proteins have also been found i n  the bra in .  According 

In o rde r  to ascer ta in  whether the various brain sections differ in their  

Thus, the highest ra te  of protein metabolism is found in the ce reb ra l  
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complex sect ion.  The r a t e  of protein metabolism in the white mat te r  of 
ce reb ra l  hemispheres  approaches that of the spinal cord.  In the midbrain, 
the optical tubera,  and the medulla oblongata, the ra te  is intermediate  
between these two ex t r emes .  

brain.  They found that the r a t e  of incorporation of S35 methionine was 
higher in the g ray  mat te r  of the brain than in  the white mat te r .  

Gaitonde and Richter  /16/  also studied the r a t e  of incorporation of 
radioactive methionine into brain proteins by means of autoradiography. 
They showed that the r a t e  of incorporation of radioactive methionine is high 
in those  bra insec t ions  which contain nerve cel ls ,  and low in the white ma t t e r .  
According to  Waelsch /17/ the highest r a t e  of protein turnover is found in 
the corpus cal losum. 

T .  Silich 1181 of our  Institute compared the ra te  of protein metabolism 
in nerves  with that in  the brain by studying the ra te  of incorporation of 
radioactive methionine into nerve proteins .  She showed that the r a t e  of 
protein turnover  in nerves  is much lower than in the brain; about one-fourth 
as high a s  that of the white ma t t e r  and one-sixth a s  high a s  that of the gray  
mat te r  of the brain.  

Kravchins’kii and Silich of our laboratory / 1 9 /  studied the ra te  of 
incorporation of radioactive methionine into protein fract ions of the g ray  
and white ma t t e r s  of cat  brain by the method of Mirsky and Pol l i s te r .  They 
showed that radioactive methionine is incorporated into the var ious protein 
fractions at different r a t e s .  The highest r a t e  of incorporation was found 
in sal t  extractable  protein fractions (0 .14  M and 1 M sodium chlor ide) .  The 
r a t e  of incorporation into sodium-hydroxide-extractable f ract ions and into 
the insoluble res idue was much lower. The ra te  of protein turnover  of a l l  
protein fract ions in the gray  mat te r  was higher than that of the corresponding 
protein fract ions in the white ma t t e r .  

Silich /18/ studied the ra te  of incorporation of radioactive methionine 
into analogous protein fract ions of nerves  and showed that the highest ra te  
of incorporation was found in sodium-chloride-extractable protein fract ions.  
The r a t e  of incorporation into proteins extractable by sodium hydroxide 
was considerably lower and that into the insoluble res idue lower s t i l l .  

nerves  and the white and gray  mat te r  of the brain showed that the turnover  
of all protein fract ions in nerves  proceeds at a much lower ra te  than that 
in the corresponding protein fract ions of the white and gray  mat te r  of the 
brain 1181. 

Thus, determinations of the total radioactivity in nerve and brain 
proteins, and of the radioactivity in individual protein fract ions of these 
t i s sues  showed that the r a t e  of protein turnover in nerves  is much lower 
than in the brain,  and especial ly  in the gray  mat te r  of the bra in .  

Much attention is devoted present ly  to the chemical  composition and 
metabolism of individuai cel lular  s t ruc tures .  However, the available data 
on biochemical propert ies  of cytoplasmic s t ruc tures  a r e  mainly for  
mammalian l iver .  F e w  s tudies  have been made on subcellular f ract ions 
of other  t i s sues ,  including nerve t i s sue .  Investigations of the subcellular 
f ract ions of the nervous sys tem a r e  of great  in te res t .  

0. Kirsenko of our  Institute studied the protein content of var ious 
subcel lular  f ract ions of rabbit brain.  The subcellular f ract ions w e r e  

Similar  data  were obtained by Cohn, Gaitonde and Richter  1151 with r a t  

Comparative studies on protein turnover  r a t e s  in var ious fract ions of 
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obtained by differential centrifugation. He found that the mitochondrial 
fraction is r ichest  in protein (237’0 of the total  protein content of brain 
t i s sue) ,  followed by the supernatant fraction. The nuclear fraction contains 
about 7.570 of the total  protein and the microsomes  about 1.77‘0. 

ma t t e r  of the brain and spinal  cord:  a nuclear, a mitochondrial, and a 
supernatent fraction. 
r i c h e r  in nitrogen than that f rom the white mat te r .  

We also studied protein metabolism in var ious subcellular f ract ions of 
the nervous sys tem 1211. We determined the ra te  of incorporation of S35 
methionine into proteins of nuclei, mitochondria, microsome,  and supe r -  
natant. The subcellular f ract ions w e r e  obtained f rom the ce reb ra l  
hemispheres  and cerebel lum of rabbi ts  by differential centrifugation. These 
s tudies  showed that there  a r e  different r a t e s  of incorporation into the 
var ious subcellular f ract ions.  The highest metabolic ra te  was found in the 
microsomal  proteins .  The specific activity of microsomal  proteins  f rom 
the cerebellum was on the average 285.4, that of microsomal  proteins f rom 
the hemispheres  - 200.8.  The corresponding values for  mitochondrial 
proteins  w e r e  174.1 and 97.0, and for  nuclear proteins ,  189.4 and 174.2. 
The ra te  of incorporation of radioactive methionine into proteins  of the 
supernatant f ract ion was close to that of the microsomal  proteins .  It can 
be seen  that the ra te  of turnover of proteins f rom subcel lular  f ract ions of 
the cerebel lum is higher than that of proteins f rom analogous subcellular 
f ract ions of the ce reb ra l  hemispheres .  

methionine into proteins f rom subcellular f ract ions of young r a t  brain.  
They showed that the highest ra te  of turnover is found in the microsomal  
and supernatant f ract ions,  and that the lowest r a t e  is found in the mito- 
chondrial fraction. In the microsomal  fraction the highest r a t e  of turnover  
was found in alkali-soluble proteins .  That of water-soluble proteins was 
lower.  In the mitochondrial and nuclear f ract ions the sal t -extractable  
proteins showed the highest r a t e  of turnover .  The lowest turnover  r a t e  was 
found i n  insoluble proteins .  This  was t rue  for  a l l  subcel lular  f ract ions.  

The phosphoproteins encountered in various animal  t i s sues ,  including 
nerve t issue,  a r e  of great  in te res t .  The turnover  ra te  of phosphoproteins 
is ex t remely  rapid, indicating that they play an important ro le  in brain 
function (Davidson et al .  1 2 3 1 ,  Johnson 1241, Vladimirova 1251 and 
o the r s ) .  According toEngel’gardt  1 2 6 1  the rapid turnover  r a t e  of phospho- 
proteins ,  which is much higher than the turnover r a t e  of nucleic acids ,  is 
related to oxidative phosphorylation. 

According to E .  Skvirskaya of our laboratory the gray  ma t t e r  of the 
ce reb ra l  hemispheres  and cerebellum contains twice a s  much phospho- 
protein a s  the white mat te r  1 2 7 1 .  

various sect ions of the cent ra l  nervous sys tem of animals  and that there  
is a correlat ion between the level  of functional development of various 
brain sect ions and the r a t e  of phosphoprotein turnover .  Thus,  in dogs the 
turnover  r a t e  of phosphoproteins in the ce reb ra l  cor tex  is higher than that 
in other  brain sect ions.  Phosphoprotein phosphatase activity i s  higher in 
the ce reb ra l  cor tex and the cerebellum than in the white ma t t e r  1 2 7 1 .  

Aboad 1201 obtained three  subcellular f ract ions f rom the gray  and white 

The mitochondrial fraction f rom the gray  matter  was 

Clouet and Richter  1221 studied the ra te  of incorporation of radioactive 

Kreps 1281  showed that the turnover  ra te  of phosphoproteins differs in 
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The functionally different sect ions of the nervous sys tem a lso  differ 
f rom each other  in their  content and metabolism of nucleic acid.  These,  
according to recent  data, participate in important living processes  and a r e  
of paramount importance for the biological function of the cell .  

cor tex and the cerebel lum have the highest nucleic acid content; the nucleic 
acid content of the ce reb ra l  hemispheres  is much lower, while that of the 
per iphera l  nerves  is lower st i l l .  Ribonucleic acid (RNA) content is highest 
in the ce reb ra l  hemispheres  and the cerebel lum, lower in the white mat te r ,  
and s t i l l  lower in the per ipheral  nerves .  Deoxyribonucleic acid (DNA) 
content is highest i n  the cerebel lum, about one-half a s  high in the gray  
mat te r ,  and much lower in the white mat te r  and the per iphera l  nerves .  

composition of nucleic acids f rom various sect ions of the nervous sys tem 
of ca ts  and cows, using the chromatographic method. They showed that 
the content of nitrogenous bases  i n  RNA from the gray  and white mat te r  
of the ce reb ra l  hemispheres  and from the cerebel lum is almost  identical 
and c lear ly  differs f rom the RN.4 of per ipheral  nerves ,  which contain more  
guanine and l e s s  adenine and urac i l .  Nerve RKA is character ized by a 

high coefficient of specificity ~ ( G + C )  This  coefficient is almost identical A + U  ’ 
for  various brain sect ions and fluctuates within a range of 1.68 to 1.75 in 
cow brain, reaching a value of 2.25 in  cow nerves .  

the various brain sect ions and in the per ipheral  nerves .  The content of 
nitrogenous bases  in DNA from various brain sect ions and the per ipheral  
nerves  was identical. The same  was t rue  for the specificity coefficient, 
which was 0.67 to 0 .69  for  the gray  and white mat te r  of the hemispheres  
and for  the cerebel lum, and 0 .7  for nerve t issue,  

E .  Skvirskaya and T .  Silich 1 2 9 1  studied the turnover  r a t e  of nucleic 
acids  f reed from contaminants, obtained by the conventional isolation 
procedures  of Tannhauser .  The highest ra te  of turnover  was found in the 
gray  mat te r  of the ce reb ra l  hemispheres ,  a s  judged by the ra te  of 
incorporation of P3’. The turnover  ra te  was lower in the cerebel lum, and 
lowest in the white mat te r  of the ce reb ra l  hemispheres .  

depolymerizing enzymes,  ribonuclease and deoxyribonuclease from various 
brain sect ions.  The highest ribonuclease activity was found in the gray  
mat te r  of the ce reb ra l  hemispheres .  It was lower in the cerebel lum and 
lowest in the white mat te r .  Deoxyribonuclease activity w a s  highest in the 
g ray  mat te r ,  lower in the white mat te r ,  and lowest in the cerebel lum 1291 .  

Kreps et a l .  1281 found that the turnover  ra te  of ribonucleic acid differs 
in var ious sect ions of the cent ra l  nervous sys tem and that there  is a 
correlat ion between the level of functional development of a section and i t s  
r a t e  of ribonucleic acid turnover .  Thus in dogs the RNA turnover r a t e  i n  
the ce reb ra l  cor tex was higher than that in any other  brain sect ion.  

var ious analyzers ,  have different r a t e s  of ribonucleic acid turnover  (Kreps)  
The highest ra te  of RIL’A turnover  was found in the motor analyzer  zone. 

According to Aboad 1201 one half of the total ribonucleic acid content 
is found in the mitochondria. 

Studies ca r r i ed  out in our laboratory 1 2 9 1  showed that the ce reb ra l  

Skvirskaya and Babii 1301 f rom our  Institute have studied the 

In contrast  to RNA, in DKA no differences in composition were found in 

Similar  conclusions were drawn from resu l t s  obtained with the 

Various zones of the ce reb ra l  cor tex of dogs, corresponding to the 
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Determination of the RNA content in nuclei isolated f rom the c e r e b r a l  
hemispheres  and the cerebel lum showed that the f o r m e r  are r i c h e r  in RNA 
content than the l a t t e r  1 3 0 1 .  

differs f rom that of nuclei f rom the cerebel lum 1 3 0 1 .  The RNA f rom nuclei 
of the cerebel lum contains m o r e  guanine and cytosine and less uraci l ,  and 
i t s  specificity coefficient i s  higher than that of RNA from nuclei of the 
c e r e b r a l  hemispheres .  The specificity coefficient of RNA f rom nuclei of 
the cerebel lum was 1.43 and that f rom nuclei of the hemispheres ,  1 .09 .  
DNA composition was identical  in nuclei  of the hemispheres  and the 
cerebel lum. 

Judging f rom the r a t e  of incorporation of radioactive phosphorus, the 
turnover  r a t e  of RNA f rom nuclei of the hemispheres  is considerably higher 
than that of RNA f rom nuclei of the cerebel lum 1 3 0 1 .  

Thus,  the functionally and s t ructural ly  different sect ions of the nervous 
sys tem differ f rom each  other in nucleic acid content, turnover ,  and 
composition. The  more  complex the section the higher i t s  turnover  r a t e  
and the content of nucleic acids  (the highest being in the c e r e b r a l  cor tex 
and in the cerebel lum).  
considerably lower content of RNA and DXA, and in the chemical  composition 
of RNA, which has  a higher specificity coefficient. 

Roberts ,  Frenkel  and Harman 1311 studied the content of free amino 
acids  in var ious sect ions of the nervous sys tem of mice  and rabbi ts  by 
means  of paper  chromatography. They  found in the brain f r e e  glutamic 
acid, aspar t ic  acid,  y-aminobutyric acid, taur ine,  cystine,  s e r ine ,  
glycine, alanine, valine and leucine.  The content of free amino acids  was 
considerably lower in the spinal  cord and lower s t i l l  in the sciat ic  nerve,  
where y-aminobutyric acid was absent.  

Considerable attention h a s  recent ly  been devoted to  glutamic acid and 
glutamine as the probable sources  of ammonia in the brain,  and y-aminobutyric 
acid h a s  also drawn much attention. According to the r e su l t s  of a number 
of s tudies  the functional activity of the brain is closely linked with ammonia 
formation. The  amount of ammonia in the brain m a y  s e r v e  as indication 
of i t s  functional s t a t e .  

nerve t i s sue .  T h i s  conclusion may be drawn f rom the fact that there  i s  
m o r e  glutamic acid in brain t i s sue  than in  any other  t issue.  It is noteworthy 
that more  than 5 0 %  of the total  glutamic acid present  in nerve t i s sue  is in 
the form of glutamine. Era in  t issue i s  second only to hear t  muscle in 
glutamine content. 

The  var ious,  functionally different, sect ions of the cent ra l  nervous 
sys tem contain different amounts of glutamine and glutamic acid.  Krebs ,  
Eggleston, and Hems 1 3 2 1  studied the content of glutamic acid,  glutamine 
and ammonia in var ious t i s sues  of different animals .  They  found that in  
sheep  the c e r e b r a l  cor tex h a s  the highest content of glumatic acid and 
glutamine, and that this content i s  higher in the g ray  mat te r  than in the white. 

A. Silakova of our  Institute, who worked with rabbi ts ,  a lso found that 
the highest glutamine content is present  in the g ray  m a t t e r  of the c e r e b r a l  
hemispheres  and in  the cerebellum; in other  words,  in the functionally 
mos t  active sect ions of the cent ra l  nervous sys tem.  The  white m a t t e r  of 
the c e r e b r a l  hemispheres  contains about half as  much glutamine as does g ray  
m a t t e r .  

The  composition of RNA f rom nuclei of the c e r e b r a l  hemispheres  of cows 

Nerve t issue differs f rom brain t issue in i t s  

Glutamic acid a l so  plays an important role in the metabolism of the 
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Berl ,  Waelsch, 1331 and Tower 1341 have determined the content of 
glutamic acid, glutamine, and y-aminobilcyric acid in various sect ions of 
cat  and r a t  brain.  According to  their  data the c e r e b r a l  cor tex has  the highest 
content of glutamic acid ( l l . 6 p m o l e s / g  of t issue in r a t s ,  and 9.55 p m o l e s / g  
of t issue in cats) .  Closely approaching these values are the glutamic acid 
contents of the nucleus caudatus ( 9 . 0 5 ~  m o l e s / g  for cats) ,  the optical  tubera 
( l l . 7 p m o l e s / g  i n  r a t s ,  9.8 p m o l e s l  g i n  cats) ,  and the cortex of the 
cerebellum ( 1 0 . 2 ~  m o l e s / g  in r a t s ,  9 . 0 ~  m o l e s l g  i n  ca t s ) .  The white ma t t e r  
of cat  c e r e b r a l  hemispheres  contains only about 25% of the glutamic acid 
found in the g ray  ma t t e r  (2.25 ,u moles lg ) .  The highest glutamine content w a s  
found in the cerebellum (5.8 in r a t s ,  4.25 in ca t s )  and in the ce reb ra l  cortex 
(5.0 in r a t s ,  5.35 in ca t s ) .  The highest content of y-aminobutyric acid was 
found in the optical tubera (3.5 i n  r a t s ) ,  followed by the olfactory ganglion 
(3.2), and the cortex (2.0). 

y-aminobutyric acid.  The highest content of y-aminobutyric acid w a s  found 
in the ce reb ra l  cortex (64mg%), next in the optical tubera (41 mg%), and 
finally i n  the white ma t t e r  (28mgX). 

cor tex,  glutamic and y-aminobutyric acids were found mostly in the 
neurons,  whereas  about 50% of glutamine was found in other s t ruc tu res  1341. 

decarboxylase in the brain of monkeys and rabbi ts .  They found that the 
highest activity w a s  in sections of the g ray  ma t t e r .  Decarboxylase activity 
in the white ma t t e r  was negligible. 

one can s e e  a gradual dec rease  in the activity of glutamic acid decarboxylase.  
Th i s  is apparently due to  the gradual decrease in the amount of g ray  
ma t t e r  f rom the upper to the lower segments .  

differs in various subcellular fractions of cor t ical  ce l l s .  These fractions 
were obtained by differential centrifugation. 

According to  Tower 1341 glutamic and y-aminobutyric acids a r e  present 
mainly in the mitochondria. In the nuclei the content of these acids is 
half of that i n  the mitochondria. However, mitochondria and nuclei contain 
s i m i l a r  amounts of glutamine. Neither glutamic acid,  glutamine, nor 
y-aminobutyric acids were found in mic rosomes .  

Carbohydrates,  the main source of energy of nerve t issue,  play an 
important par t  in the central  nervous sys t em.  
content i n  various sections of the nervous system 1391 have shown that 
the highest content is found in the c e r e b r a l  cortex,  followed by the 
cerebel lum. The glycogen content of the medulla oblongata is about half 
that of the cortex,  and that of the spinal cord somewhat lower than that.  
Least  glycogen is found in the sciatic nerve.  

of incorporation of CI4 into glycogen. It i s  equal to o r  even higher than that 
of l iver  (Prokhorova 1401). 

in various brain sections 1411. The highest r a t e  w a s  found in the g ray  
ma t t e r  of the c e r e b r a l  hemispheres .  
glycolysis in the superficial  l aye r s  of the c e r e b r a l  cor tex,  consisting mainly 

Roberts 1 3 7 1  obtained somewhat different data on the distribution of 

In the cen t r a l  nervous system y-aminobutyric acid i s  unique. In the 

Lowe, Robins, and Egerman 1381 studied the activity of glutamic acid 

Proceeding from the upper to the lower segments  of the spinal cord 

The distribution of glutamic acid, glutamine and y-aminobutyric acid 

Determinations of glycogen 

The r a t e  of brain glycogen turnover is very high, as judged by the r a t e  

According to  data obtained at our Institute the r a t e  of glycolysis differs 

Dikson 1 4 2 1  studied the r a t e  of 
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of dendrides, and in the deeper  layers  which compr ise  the bulk of nerve 
cel ls .  He found that the superf ic ia l  l aye r s  had a higher ra te  of glycolysis 
than the deeper  ones. Dikson assumed that it is the r a t e  of glycolysis in the 
dendrides which determines the glycolytic ra te  of the ce reb ra l  cor tex a s  
a whole. The low ra t e  of glycolysis in the white mat te r  of the brain and in 
nerves  may be due to their  high content of iner t  myelin substances.  

The differences in glycolytic activity of var ious functionally different 
sect ions of the nervous sys tem correspond to  differences in the activity of 
glycolytic enzymes,  isolated by us f rom various brain sect ions.  ; 

Phosphorylase /39 /  activity was highest in the ce reb ra l  hemispheres  
and in the cerebel lum, followed by the medulla oblongata and, las t ly ,  by 
the spinal  cord .  

enzymes was highest in the cerebellum and the ce reb ra l  cortext (Palladin 
and Polyakova 1431). It was lower in the medulla oblongata and in the 
white mat te r  of the ce reb ra l  hemispheres .  

aldolase was found in the ce reb ra l  cortex, followed by the cerebel lum, 
medulla oblongata, white mat te r  of the ce reb ra l  hemispheres  and, finally, 
by the spinal  cord .  

triphosphatase, an enzyme which catalyzes  the re lease  of energy s tored  
in the phosphate bond of ATP, was found in the ce reb ra l  cor tex and in the 
cerebel lum. It was lower in the medulla oblongata and s t i l l  lower in the 
white mat ter  of the ce reb ra l  hemispheres .  Thus it i s  seen that the 
functionally complex sections of the nervous sys tem a r e  character ized by 
a high activity of enzymes participating in carbohydrate and phosphorus 
metabolism. 

t issue,  compris ing about one half of the d r y  weight of the bra in .  The spinal 
cord has an even higher content of lipids. 
var ious sect ions of the cent ra l  nervous sys tem differs f rom that of proteins .  
The highest lipid content is found in the per ipheral  nerves ,  followed by the 
spinal cord.  The lowest lipid content is found in the brain,  the white mat te r  
being r icher  in lipid than the gray (cortex) .  

Determinations of lipid distribution i n  the g ray  mat te r  showed that the 
gray  matter  of the phylogenetically oldest and functionally most complex 
section - the spinal cord - has the highest lipid content (phosphatides and 
cholesterol; Palladin, Rashba, and Gel 'man 15, 6 1 ) .  The gray  mat te r  of 
the ce reb ra l  cor tex had the lowest lipid content. 

sect ions of human brain.  He found that the lowest content of these lipids 
is found in the ce reb ra l  cor tex,  nucleus caudatus, and the gray  mat te r  of 
the cerebel lum. Large amounts of acetylated phospholipids were found in 
the centrum ovale and in the white mat te r  of the cerebel lum. 

Polyakova 1471 studied the composition of nonsaponifiable f ract ions in 
the brain of rabbi ts  and cows and in the white and g ray  mat te r  of human 
hemispheres  by means of column chromatography. She showed that the 
white mat te r  of the ce reb ra l  hemispheres  contains 40 % (of the d r y  weight) 
of the nonsaponifiable ma te r i a l  while the gray  mat te r  contains only 8 70. 
She also found that s t e ro l s  comprise  about 93 70 of the fract ions of white 

The activity of hexokinase, one of the most important glycolytic 

According to  Palladin and Polyakova 1441 the highest activity of 

According to  Palladin and Shtutman 1451 the highest activity of adenosine- 

Lipids play an important role  in the chemical  composition of nerve 

The distribution of lipids i n  

Korey 146 I determined the content of acetylated phospholipids in var ious 
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mat te r  and about 8 5 %  of the g ray  mat te r  f ract ions.  In both cases the bulk 
of the s t e ro l s  consisted of cholesterol .  The gray  mat te r  contains a-oxy-  
cholesterol  which is absent f rom the white ma t t e r .  Thus the functionally 
different brain sect ions vary  not only in the amount but in the composition 
of s t e ro l s .  

Gorodisskaya 1481 determined the lipid content in var ious regions of the 
ce reb ra l  cor tex and found that functionally different regions differed in the i r  
chemical  composition. Thus, in addition to  the anatomical and functional 
topography of the ce reb ra l  cor tex,  there  a l so  ex is t s  a chemical  topography. 

Aboad e t  a l .  1201 found that the mitochondrial fraction contains about 
50”/0 of the total  phospholipids and the nuclear fraction about 3070. A l l  
subcel lular  f ract ions of the gray  mat te r  have a lower phospholipid content 
than the corresponding fract ions of the white ma t t e r .  

of phospholipids differs  i n  var ious sect ions of the cent ra l  nervous sys t ems  
and there  is a correlat ion between the r a t e  of phospholipid metabolism and 
the level of functional development of a given brain section. In dogs, the 
r a t e  of phospholipid turnover  i n  the ce reb ra l  cor tex i s  higher than that in 
the white mat te r  of the hemispheres  and in other  ce reb ra l  sect ions.  In 
rabbi ts ,  the ce reb ra l  cortex, which is on a considerably lower level of 
functional development, does not exhibit a high ra te  of phospholipid 
metabolism. 

phospholipid metabolism. The highest r a t e  of turnover  is in the motor  
analyzer zone. 

We have a l ready  shown that the various glycolytic enzymes differ in 
the i r  activities, depending upon the brain section in which they a r e  found. 
The  same  is also t rue  of other brain t i s sue  enzymes.  

r a t e  in the g ray  mat te r  of the brain than in the white mat te r .  The r a t e  of 
oxidation-reduction is lowest in the brain s t em.  S imi la r  differences w e r e  
found in ca ta lase  activity. 

the i r  activity in the gray  mat te r  is higher than in the white mat te r  by 
about 50%. 

Ashby, Garzoli and Schuster  1491 studied the distribution of carbonic 
anhydrase,  chol inesterase,  and acetylphosphatase in the brain of dogs 
and ca ts .  They found that the acetylphosphatase content of the brain 
increases  during embryonic development and that it,  a s  well a s  
chol inesterase,  appears  before carbonic anhydrase.  I n  man the activity 
of these two enzymes is higher in the ce reb ra l  cor tex than in the white 
ma t t e r .  S imi la r  differences were not observed in the brain of dogs, ca t s ,  
and rabbi t s .  The nucleus caudatus of the human brain exhibits a very  high 
chol inesterase activity. Carbonic anhydrase activity is higher in the white 
mat te r  of the ce reb ra l  hemispheres  than in the g ray  ma t t e r .  

of important enzymatic sys tems of the brain (cytochrome oxidase, succinic 
acid dehydrogenase and ATPase)  and compared the i r  appearance with 
the morphological development and functional maturation of the brain.  
He found that in adult animals the highest enzymatic activity is i n  the 
c e r e b r a l  cor tex (which i s  consistent with the complexity of s t ruc ture  and 

According to  Kreps,  Smirnov, and Chetverikov 1281 the turnover  ra te  

The var ious zones of the ce reb ra l  cor tex of dogs have different r a t e s  of 

E .  Lakhno showed that oxidation-reduction react ions proceed at a higher 

The s tudies  of Aboad on the distribution of oxiding enzymes showed that 

E .  Kreps e t  al. 1501 studied the development of activity in a number 
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function of the cortex) .  The biochemical maturat ion of the cortex and, in 
general, of the anter ior  higher brain sect ions takes  place a t  a la te r  s tage 
than that of the caudal sect ions (medulla oblongata and spinal  cord) ,  which 
ma tu re  quite e a r l y  (at the end of embryonic life or at the very  beginning 
of postembryonic development). 

Aboad found that there  is an identical distribution of enzymes in sub-  
ce l lu la r  f ract ions of the gray  and white ma t t e r s .  About 80% of the activity 
of oxidative and phosphorylating enzymes was found in the mitochondria. 
About 15 7'0 of cytochrome oxidase activity was found in the nuclear fraction, 
where no malic acid hydrogenase was detected. Cytochrome oxidase w a s  not 
detected in the supernatant fraction. Glycolytic enzymes w e r e  found mainly 
in  the microsomes .  

We have presented here  the pertinent data  available to  u s  on the 
biochemistry of the functionally different sect ions of the nervous sys tem.  

F rom the aforegoing it is c l ea r  that the functionally different sect ions 
of the cent ra l  nervous sys tem a r e  charac te r ized  by a number of biochemical 
differences: the more  functionally complex the section, the higher i t s  content 
of proteins  (especially of water-soluble proteins ,  of phosphoproteins, 
nucleic acids ,  glutamic acid, a-aminobutyr ic  acid, and glutamine; the 
more  functionally complex the section, the higher the turnover  r a t e  of 
proteins ,  nucleic acids ,  glutamic acid and carbohydrates .  The same  is 
t rue  for  the activity of numerous enzymes,  such a s  ribonuclease, deoxy- 
ribonuclease, glutamic acid decarboxylase, oxidative enzymes,  and the 
enzymes of carbohydrate and phosphorus metabol ism.  

Even g rea t e r  differences may be found between the cent ra l  nervous 
sys tem and the per ipheral  nerves ,  which have the lowest content of the 
above compounds and the lowest ra te  of their  metabol ism.  The per iphera l  
nerves  a l so  differ f rom the brain in the composition and s t ruc ture  of s eve ra l  
chemical  substances.  Thus,  for  example, they contain albumin and a r e  
character ized by a different composition of RNA (higher specificity 
coefficient ) . 

chemical  composition and metabolic activity. 
subcel lular  f ract ions from various brain sect ions a r e  character ized by 
cer ta in  chemical  differences. 

The subcellular f ract ions of nerve t issue also differ f rom each other in 
Also the corresponding 
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T H E  USE OF RADIOACTIVE ISOTOPES F O R  
BIOCHEMICAL STUDIES OF T H E  NERVOUS SYSTEM* 

The goal of biochemists interested in animal  metabolism has been the 
elucidation of the var ious intermediate  s tages  i n  biochemical p rocesses .  
If chemical compounds involved in intermediary metabolism could be 
labeled in some manner ,  the i r  fate in the organism could be easi ly  followed. 
Biochemists have long dreamed of such a possibility. 

The discovery of radioactive isotopes made this dream a real i ty .  
Labeled compounds were prepared .  Thei r  chemical  and physical propert ies  
were identical to  nonlabeled molecules, and the i r  metabolism in the 
organism w a s  undistinguishable f rom that of nonlabeled analogues. The 
use of radioactive isotopes opened a new e r a  in biochemical investigation, 
and in par t icular  in investigation of the nervous sys tem which posed one 
of the most complex problems of modern biochemistry. 

present  ex t reme difficulties because of the divers i ty  of cel lular  and 
conducting s t ruc tu res ,  the complexity in the distribution of the gray  and 
white mat te r ,  and the ex t reme r ichness  of brain t i s sue  in labile compounds. 
Especial ly  difficult a r e  studies on the relationship between specific brain 
function and metabolism. The correlat ion between the functional s ta te  of 
the brain and changes in brain metabolism is one of the main problems of 
brain biochemistry. The use  of labeled compounds opened new possibilities 
for  the study of the metabolism of the brain and of other sect ions of the 
nervous sys tem under var ious physiological conditions in experiments  
in vivo. 

The use of radioactive isotopes permitted us  to  es tabl ish the fact that 
some of the chemical  substances in the brain which at f i r s t  w e r e  thought 
to  be iner t  w e r e  in rea l i ty  ve ry  active and showed a high turnover r a t e .  
The use  of radioactive isotopes also enabled us  to  s tudy var ious metabolic 
pathways in the brain and to  elucidate the effect of var ious functional 
s ta tes  upon these pathways. 

use of radioactive isotopes in investigations of the metabolism of the 
nervous sys tem,  and especially of the brain and the changes taking place 
in i t  during various functional s ta tes .  I would l ike to  present  the resu l t s  
of s tudies  ca r r i ed  out at the Institute of Biochemistry of the Academy of 
Sciences of the Ukrainian SSR and in other scientific institutes of the Soviet 
Union. I w i l l  a l so  deal  with some of the most important s tudies  by 
foreign sc ien t i s t s .  

Studies on the chemical  composition of the brain and on i t s  metabol ism 

In this  review I would like to  present  the most important resu l t s  on the 

* Lecture read at the Hungarian Academy of Sciences in 1961 and at the conference 011 the use of 
a tomic energy of peaceful purposes held in Kiev in 1961 (Ukr. Biokhim. Zhurnal, Vo1.33. 1961, 
pp. 602-621). 
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Studies on the chemical nature of various brain sect ions show that 
functionally different sections differ in chemical  composition, and 
par t icular ly  in protein content. 
phylogenetically youngest sect ions of the cent ra l  nervous sys tem a r e  the 
r ichest  in protein and also contain the highest amount of soluble 
compounds / 2 0 / .  

of the nervous sys tem were made possible only by the use  of radioactive 
isotopes. Palladin and Vertaimer 1231 administered methionine labeled 
with radioactive sulfur to ca ts  and determined the radioactivity of proteins 
in  various sect ions of the cent ra l  nervous system, namely in the gray  
and white mat ter  of the ce reb ra l  hemispheres ,  cerebellum, midbrain 
medulla oblongata, optical tubera and spinal  cord.  Studies were made on 
the ra te  of incorporation of radioactive methionine into proteins of var ious 
brain sections, and in this  way the ra te  of protein turnover in these sect ions 
was determined.  

ce reb ra l  hemispheres  and in the cerebel lum, the functionally most complex 
and phylogenetically youngest sections of the cent ra l  nervous sys tem which, 
a s  previous studies have shown, have the highest protein content. The 
spinal  cord,  functionally the s implest  and phylogenetically the oldest section 
of the central  nervous sys tem,  showed the lowest ra te  of protein turnover 
and had the lowest protein content. The r a t e  of protein turnover in the white 
mat te r  of the ce reb ra l  hemispheres  was s imi la r  to  that of the spinal cord .  
In other sect ions,  such a s  the medulla oblongata, midbrain and optical 
tubera,  the ra te  of protein turnover was intermediate .  

Similar  resu l t s  were obtained by Cohn, Gaitonde, and Richter who 
investigated only the gray  and white mat te r  of the ce reb ra l  hemispheres .  
They found that the incorporation of radioactive methionine into brain 
proteins of the gray  matter  was much more  rapid than into white mat te r  
proteins. 
more  rapidly into those brain sections which a re  r ich  in nerve ce l l s .  

of incorporation of radioactive methionine into various protein fract ions of 
the gray  and white mat ter  of cat brains .  They separated the proteins of 
the gray  and white mat ter  of the hemispheres  into four fractions: two 
extractable  with sodium chloride, one with a solution of 1 .0  N sodium 
hydroxide, and one insoluble in sodium hydroxide. They found that the 
highest turover  r a t e  w a s  exhibited by t h e  salt-extractable f ract ions f rom 
the gray  mat te r .  The sodium-hydroxide-extractable fraction and, to 
a grea te r  extent, the alkali-insoluble fraction were character ized by a low 
ra t e  of incorporation of radioactive methionine; in other words, they had 
a lower ra te  of protein turnover .  A s imi la r  t rend was found in brain white 
mat te r ,  but the ra te  of incorporation of radioactive methionine into var ious 
protein fract ions of the white mat te r  was much lower than into the 
corresponding protein fract ions of the gray  mat te r .  

of var ious subcellular brain fractions in protein turnover, a subject of 
great  interest  to  which much attention is being devoted presently. 

Functionally most complex and 

Studies on the ra te  of protein metabolism and turnover in various sections 

The highest r a t e  of protein turnover was found in the gray  mat te r  of 

La ter ,  they showed that radioactive methionine was incorporated 

Kravchins'kii and Silich, continuing these investigations, studied the ra te  

These data on protein metabolism did not te l l  u s  anything about the role  
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The f i r s t  s t ep  in this  direction was taken by Belik and Krachko who 
studied protein metabolism in the nuclear and cytoplasmic fract ions of cat 
b ra ins  with the aid of radioactive methionine. Nuclei w e r e  isolated f rom 
brain t i s sue  by the method of Palladin, Rashba, and Shtutman. They showed 
that the r a t e  of protein turnover  in the nuclear fraction was much higher 
than in the cytoplasmic fraction. 

Palladin, Belik, and Krachko / 2 2 /  determined the r a t e  of protein 
turnover  in var ious s t ruc tura l  components of cel ls  f rom the ce reb ra l  
hemispheres  and the cerebel lum. The following fract ions were studied: 
nuclei, mitochondria, microsomes ,  and soluble cytoplasmic fraction. The 
var ious cel lular  f ract ions w e r e  obtained by differential centrifugation of 
homogenates prepared f rom the cerebel lum and the ce reb ra l  hemispheres .  

The r e su l t s  of these investigations showed that the proteins obtained 
from various subcellular f ract ions differed in the i r  turnover r a t e s ,  a s  
judged by the r a t e  of incorporation of radioactive methionine. The highest 
r a t e  of protein turnover was found in the microsomal  fraction of the 
hemispheres  andthe cerebel lum. The r a t e  of turnover in the soluble 
cytoplasmic fraction was almost identical to that in the microsomal  fraction. 
On the other hand, mitochondrial proteins had a low turnover  r a t e .  A 
s imi l a r  low ra t e  of protein turnover  was found in the nuclear f ract ion of the 
cerebel lum. The r a t e  of protein turnover in the subcellular f ract ions 
f rom the cerebel lum was higher than in the corresponding subcellular 
f ract ions from the ce reb ra l  hemispheres .  

Clouet and Richter  measured  the incorporation of radioactive methionine 
into proteins of var ious subcellular f ract ions obtained from young r a t  brain.  
They found that the microsomal  fraction possessed the highest r a t e  of 
protein turnover .  

Furs t ,  Lajtha, and Waelsh studied protein metabolism in various brain 
sect ions and subcellular f ract ions of monkeys with the aid of radioactive 
lysine. They  found that the r a t e  of protein turnover  in the ce reb ra l  cor tex,  
cerebel lum, thalamus, and hypothalamus w a s  higher than in the spinal 
cord.  The highest rate of protein turnover  was found in the corpus 
callosum. Of all the subcellular f ract ions the microsomal  fraction displayed 
the highest r a t e  of protein turnover .  

Penn studied the degradation of s e r u m  albumin labeled with radioactive 
carbon (CI4)  in var ious subcel lular  components of the brain. He found that 
the mitochondria showed the highest r a t e  of albumin degradation. The data  
obtained by Penn agree  with the resu l t s  of Polyakova who investigated 
the distribution of protease in var ious subcellular fractions of the brain 
and found that this enzyme is localized mainly i n  the mitochondrial f ract ion.  

Studies on the incorporation of radioactive methionine into brain proteins 
w e r e  a l so  conducted by means of historadioautography 1311 .  It was found 
that the r a t e  of protein turnover  w a s  considerably higher in the gray  mat te r  
of the brain than in the white, and that the r a t e  of protein turnover  differed 
in neurons of var ious  formations in the cent ra l  nervous system. In the 
nerve ce l l  proper  the highest activity is associated with the cytoplasm of 
the neuron body and with the dendrites, and the lowest with the nucleolus 
and the axonal process .  

Silich studied protein metabolism in nerves  with the aid of radioactive 
methionine. He found that the ra te  of protein metabolism, o r  the r a t e  of 
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protein turnover ,  in the nerve (sciatic nerve of ca t s )  i s  much lower than 
in the brain,  both in the white and in the gray  mat te r .  

To ascer ta in  whether a l l  protein fractions of the nerve have a s i m i l a r  
low protein turnover r a t e ,  nerve proteins w e r e  separated into four fractions,  
as descr ibed previously, and the r a t e  of incorporation of radioactive 
methionine into the fractions was determined. It was shown that radioactive 
amino acids vary  considerably in their  r a t e s  of incorporation into the 
var ious protein fractions;  both low and considerably high r a t e s  of protein 
turnover  were found. 
the nerve was found to  be lower than that of corresponding fractions f rom 
the white and g r a y  m a t t e r  of the brain.  Both in  the nerve and in the brain 
the highest r a t e  of turnover was found in the soluble proteins (extractable 
with sodium chloride).  

Radioactive methionine and glycine \yere a lso used in s tudies  on the 
effect of serotonin on protein metabolism in 1-arious brain sect ions / 1 1 1 .  
The r e su l t s  showed that serotonin decreases  the r a t e  of protein turnover  
in the medulla oblongata and the cerebel lum, but pr imar i ly  in the g r a y  and 
white mat te r  of the c e r e b r a l  hemispheres .  Thus serotonin has  the 
s t rongest  effect on protein turnover in the phylogenetically youngest sect ions 
of the cen t r a l  nervous sys tem.  

It was found that potassium ions inhibit the incorporation of radioactive 
glycine into proteins in t issue s l i ce s  of white r a t  c e r e b r a l  cor tex 1 5 6 1 .  

Carbohydrates  s e r v e  a s  the main source of energy in nerve t issue,  
even though the brain does not possess  large r e s e r v e s  of carbohydrates ,  
including glycogen. E a r l i e r  investigators failed to detect glycogen in the 
c e r e b r a l  cor tex and the cerebel lum, and until recent ly  the view prevailed 
that glycogen i s  of no significance in nerve t i s sue .  

Recent investigations, however, have shown that glycogen i s  present  
in var ious brain sect ions and that it undergoes rapid turnover .  T h i s  has  
been conclusively demonstrated in experiments  using radioactive isotopes.  
Prokhorova 1 3 2 1 ,  using C14 labeled glucose and showed that the turnover  
r a t e  of brain glycogen is identical to o r  ex-en higher than that of l iver .  
Fur ther  s tudies  have shown that various glycogen fractions (free glycogen, 
glycogen bound to proteins o r  t o  lipids) have different r a t e s  of turnover  
in the brain.  

different sections of the nervous sys tem have different r a t e s  of nucleic 
acid and phospholipid metabol ism.  Skvirskaya and Silich 1401 determined 
the r a t e  of incorporation of radioactive phosphorus into RSA and 
phospholipids f rom the g r a y  and white mat te r  of the c e r e b r a l  hemispheres  
and cerebellum of rabbi ts .  They 142, 431 a lso determined the turnover  
r a t e  of RNA and of phospholipids in the gray  and nhi te  mat te r  of the 
c e r e b r a l  hemispheres ,  in the cerebel lum, and in the nerves  of ca t s .  Similar  
s tudies  were  conducted on var ious subcellular fractions of the g r a y  mat te r  
of the c e r e b r a l  hemispheres ,  obtained by the method of Mirsky  and Po l l i s t e r .  

r a t e  than those f rom the white mat te r .  The  lowest turnover r a t e  i s  found 
in phospholipids f rom the per ipheral  nerves .  This  i s  par t ly  due to  the 
presence of metabolically inactive phospholipids, like sphingomyelin. 

is highest in the c e r e b r a l  hemispheres .  He also showed that the c e r e b r a l  
cor tex has  the highest r a t e  of phospholipid turnover .  

Holyever, the turnover r a t e  of protein fractions f rom 

The  use  of radioactive phosphorus enabled u s  to show that functionally 

Phospholipids and RXA f rom brain g ray  m a t t e r  have a higher turnover  

Kreps  found (in dogs),  that the r a t e  of RNA and phosphoprotein turnover  
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Functionally different regions of the ce reb ra l  cor tex differ from each  
o ther  in the turnover  r a t e  of phosphorylated compounds. The r a t e  of 
incorporation of radioactive phosphorus into phospholipids and R N A  is 
higher in the motor  zone than in the optical and, especial ly ,  the acoustic 
zone 1141.  

radioactive phosphorus into RNA and phospholipids of whole ce reb ra l  
hemisphere t issue is lower than the r a t e  of incorporation into these same  
substances f rom ce reb ra l  hemisphere nuclei 142,431. 

into var ious nucleotides f rom ribonucleic acid of the ce reb ra l  hemispheres  
and cerebel lum of ca t s  (Skvirskaya andBabii) .  It was shown that the 
turnover  r a t e s  of the var ious nucleotides differ; adenylic acid has the 
highest r a t e  and guanylic acid the lowest. 

Studies w e r e  made (with the aid of radioisotopes)  on the turnover r a t e s  
of high-polymer phosphorus compounds (nucleic acids ,  phospholipids and 
phosphoproteins) in the brain of animals  of var ious c l a s ses .  It was shown 
that the turnover  ra te  of these compounds, and especial ly  that of 
phospholipids, is lower in cold blooded animals / 7 / .  However, there  was 
almost  no difference in the content of nucleic acids ,  phosphoproteins, and 
phospholipids in the brain of these animals .  

var ious lipids in the nervous sys tem.  Cholesterol  metabolism was studied 
by injecting C' -cholesterol  into the yolk sac  of chickens. Turnover  r a t e s  
w e r e  determined (in rabbi t s )  for  cholesterol ,  sphingomyelin, lecithin, 
cerebros ides ,  and cephalin after administration of radioactive se r ine .  
The fate of myelin lipids was studied in the brain and in nerves .  On the 
bas i s  of these experiments  Davison assumed that the nervous system 
contains two groups of phospholipids: metabolically active phospholipids, 
and metabolically inactive phospholipids. The f i r s t  undergo rapid turnover  
in the brain,  with a r a t e  s imi la r  to  that in other t i s sues .  Metabolically 
inactive s t ruc tura l  phospholipids which are present  in various anatomical 
s t ruc tures ,  such a s  myelin sheath, may be detected in experiments  of long 
duration. 

Moser  and Karnovsky studied the biosynthesis of glycolipids and other 
brain lipids in mice by the use of radioactive glucose and galactose. 

Prokhorova and Taranova studied the metabolism of brain glycolipids 
by the use of radioactive acetate and glucose. They found that the turnover  
r a t e  of brain cerebros ides  and gangliosides i s  very  low ( 6 0  to 100 t imes  
lower than that of glycogen). 

Robertson used radioactive phosphorus to study the turnover  r a t e  of 
lipoproteins i n  various subcellular f ract ions of r a t  brain (in nuclei, 
mitochondria, microsomes ,  and the soluble f ract ion) .  He determined the 
specific radioactivity of the various compounds at var ious t ime intervals  
af ter  €he administration of radioactive phosphorus. 

The  metabolism of var ious substances in the living organisms and in 
var ious organs,  including the brain,  changes with the age of the organism.  
Of great  in te res t  a r e  the age-dependent changes in the protein metabolism 
of the cent ra l  nervous sys tem as  re la ted to  organic function. Until recent ly  
only indirect data w e r e  available on the age-dependent changes in brain 
metabolism which w e r e  based on the synthesis-degradation coefficient, 

Comparative studies have shown that the r a t e  of incorporation of 

Studies w e r e  made on the r a t e  of incorporation of radioactive phosphorus 

Davison, e t  al., have published seve ra l  papers  on the metabolism of 
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protein content in the various fractions, e t c .  Direct experimental  data on 
the r a t e  of biochemical processes  in living organisms during var ious 
periods of life w e r e  obtained only with the use of radioactive isotopes. 

metabolism in t i s sues  of animals of various ages at f i r s t  gave contradictory 
r e su l t s .  This  was due to  the fact that the limitations of the method w e r e  not 
considered. It should be pointed out that in determinations of radioisotope 
incorporation into proteins the t ime factor following the administration of 
the isotope is of great  importance. Sometimes, a low isotope content af ter  
a cer ta in  time interval  may be due to  a rapid r e l ease  of the radioactive 
compound from the protein, which is indicative of a rapid ra te  of protein 
turnover .  Likewise, a high isotope concentration in proteins may be due 
to  a low ra te  of isotope re lease ,  which may indicate a low ra t e  of protein 
turnover .  In s tudies  on radioactive amino acids it is extremely important 
to account for  and analyze all the factors  which determine the level  of 
radioactivity in t i s sue  proteins .  This  i s  especially important in experiments  
performed on whole animals. 

incorporation into proteins f rom various organs,  including the brain,  of 
newborn r a t s  is higher than into proteins of the corresponding organs f rom 
adult animals .  

animal organs,  with the exception of the spleen, had a higher ra te  of 
turnover .  The turnover ra te  of brain proteins was not studied. Salganik 
determined protein radioactivity 18 hours after the admini.stration of 
radioactive methionine. 

into proteins of various organs and found that the r a t e  of protein turnover  
was higher in young r a t s .  Similar  resu l t s  w e r e  obtained by Greenberg 
in experiments  in vi t ro  with brain homogenates f rom r a t  embryos and from 
young and adult r a t s .  

The incorporation of radioactive methionine into brain proteins of r a t s  
of var ious ages was studied by Richter .  He found that young r a t  brain 
possesses  the highest ra te  of protein turnover .  Age -dependent changes 
in brain protein turnover  were also studied by Panchenko. 

Palladin, Belik, and Krachko /21/  studied brain protein metabolism in 
four age groups of rabbi ts :  newborn, 11-12-day-old; one-month-old, and 
adult rabbi t s .  
var ious time intervals  following the administration of CI4 methionine (after 
2, 5, 14, and 24  hours ) .  

These studies have shown that protein metabolism differs in the four 
age groups of rabbi ts ,  a s  judged from the r a t e s  of incorporation of CI4 
methionine. It is highest in newborn rabbi ts  and dec reases  with the age 
of the animal. The turnover  ra te  i s  lowest in adult rabbi ts .  Thus, the use 
of radioisotopes enabled scient is ts  to show that the r a t e  of brain protein 
turnover  is age -dependent. 

a r e  also manifest in intracel lular  f ract ions of brain t i s sue .  The elucidate 
this  probelm Palladin and Belik studied the ra te  of protein turnover  in 
nuclei, mitochondria, microsomes ,  and cytoplasm f rom the brain of rabbi ts  
of var ious ages (newborn, 11-12-day-old, one-month-old, and adult rabbi ts) .  
Protein turnover  was determined by measuing the r a t e  of incorporation 

The use  of radioactive isotopes for the elucidation of changes in protein 

Orekhovich, using heavy water ,  found that the r a t e  of deuterium 

Salganik, using radioactive methionine, found that proteins f rom adult 

Toropova determined the ra te  of radioactive methionine incorporation 

The radioactivity of brain proteins was determined af ter  

The question a rose  whether the age-dependent changes in protein turnover  



of radioactive methionine into proteins .  Subcellular f ract ions were obtained 
by differential centrifugation of brain homogenates. 

These  studies showed that the protein turnover  r a t e s  in the majori ty  of 
cel lular  f ract ions (nuclei, mitochondria, and soluble f ract ions)  differ in the 
var ious age groups.  The highest r a t e  of protein turnover  was found in 
newborn rabbi ts  and the lowest in adult rabbi t s .  In rabbi ts  11 days to  one 
month old the turnover  ra te  was intermediate .  No age-dependent changes 
in  the ra te  of protein turnover  were found in the microsomal  f ract ion.  

in var ious subcellular fractions, which were s imi l a r  to  those observed in 
adult ca t s  (see above). The highest protein turnover  r a t e  was found in the 
microsomal  fraction, and the lowest in the mitochondrial f ract ion.  In one- 
month-old rabbi ts  these changes w e r e  insignificant. A low ra t e  of protein 
turnover  was found in the mitochondrial f ract ion of newborn and 11-day-old 
rabbi t s .  

The use of radioisotopes permit ted us  to d iscern  the presence of age- 
dependent changes in the turnover  r a t e s  of brain phosphorus compounds. 
Thus, for  example, the turnover  of brain nucleic acids during embryonic 
and postembryonic development was studied by Skvirskaya and Chepinoga. 
These  scient is ts  studied the incorporation of radioactive phosphorus into 
brain nucleic acids of rabbit embryos  during enhanced differentiation 
(16 -20  days)  and during the las t  days of embryonic life (26 -29  days) ,  in 
newborn animals ,  and in 9-10-day-old and one-month-old rabbits. They found 
that during the e a r l i e r  s tages  of embryonic development the turnover  ra te  
of ribonucleic acid is highest. The turnover  r a t e  then dec reases  and remains  
low during the f i r s t  day af ter  bir th .  Thereaf te r  it increases  again. S imi la r  
data  w e r e  obtained by Skvirskaya and Silich 1401.  

towards the ninth day af ter  birth, para l le l  with the change in RNA content. 

phosphorus into var ious phosphorus compounds of the ce reb ra l  cor tex of 
rabbi t s  sharply dec reases  during the f i r s t  weeks of postembryonic 
development. Thereaf te r  the r a t e  of decrease  is much less pronounced. 
The turnover  of phospholipids in r a t  b ra ins  is also highest during the e a r l y  
s tages  of postembryonic de-ielopment, and dec reases  with age / 5 7 / .  

The r a t e  of glycolipid turnover  in the brain of white r a t s  of var ious ages 
w a s  studied with the aid of radioactive acetate and glucose. Prokhorova 
and Taranova found that in growing r a t s  the turnover  of cerebros ides  
is considerably higher than in adult animals ,  especial ly  during the period 
of myelinization. The turnover  of gangliosides begins to decrease  f rom the 
age of 6 months. 

phosphocholine and phosphoethanolamine and found that their  turnover  r a t e  
is higher than that of phospholipids and ribonucleic acids, but lower than 
that of phosphoproteins. If it is t rue  that the turnover  ra te  of phosphocholine 
and of phosphoethanolamine is higher than that of phospholipids i t  must  
be assumed that these compounds a r e  formed not a s  the resu l t  of 
phospholipid degradation but by a direct  phosphorylation of choline and 
ethanolamine. 

Adult rabbi ts  a l so  showed la rge  differences in the r a t e  of protein turnover  

The r a t e  of incorporation of radioactive phosphorus into RNA changes 

According to Smirnov and Chetverikov the incorporation of radioactive 

' 

Kometiani and Tkekhelashvili:: studied the turnover  r a t e  of bra in  

[L. K. Tkeshelashvili. in the bibliography. 1 

78 



Radioisotopes were  also used fo r  the elucidation of the charac te r i s t ics  
of brain metabolism in var ious functional s t a t e s ,  and especial ly  during 
excitation and inhibition of nervous activity, the two main physiological 
s t a t e s  of the cen t r a l  nervous sys tem.  Studies on excitation metabolism 
have shown that in a number of c a s e s  there  were  no marked  changes in the 
content of various brain substances and in the activity of enzymes  involved 
in the metabolism of these substances.  Only the use  of radioactive isotopes 
permitted u s  t o  disclose the charac te r i s t ics  of brain metabolism during 
excitation. It may be assumed that s ince brain proteins play an important 
role in the function of the nervous sys tem,  the i r  metabolism should change 
during various functional s t a t e s  of the brain,  and par t icular ly  during 
excitation. 

cen t ra l  nervous sys t em of r a t s ,  produced by the e l ec t r i ca l  st imulation of 
s k i n  receptors ,  the r a t e  of incorporation of radioactive methionine into brain 
proteins increased.  This  increase  was observed only in  those c a s e s  where 
excitation was c lear ly  pronounced. 
symptoms, produced by overexcitation, the r a t e  of protein turnover  was 
the same  as res t ing  in animals .  

experiments  excitation, leading to  convulsions, w a s  produced by an e l ec t r i c  
cu r ren t .  Only slight changes in the r a t e  of incorporation of radioactive 
methionine into brain proteins w e r e  noted; these changes manifested 
themselves  mostly in a decreased  r a t e  of incorporation. It i s  possible that 
in these experiments  overexcitation, which led to  inhibition, was observed.  
In addition, as we have shown above, the r e su l t s  may depend upon the t ime 
interval  af ter  the administration of radioisotopes.  This  necessi ta tes  the 
carefu l  control of the t ime factor in s i m i l a r  experiments ,  and the 
determination of the r a t e  of incorporation of radioisotopes at  var ious t ime 
intervals  after t he i r  administration. 

Palladin, Belik, and Krachko /.21/, studying the incorporation of 
radioactive methionine into brain proteins during excitation produced by 
phenamine, determined the incorporation of S35-methionine af ter  var ious 
t ime intervals following i t s  administration. 
incorporation was found only in those c a s e s  where the determinat ions were  
made 2: hours  af ter  the administration of radioactive methionine. When 
determinations were  made 1 2  hours  af ter  the administration of methionine 
no change in the r a t e  of incorporation was found. This  i s  due to the 
increased r a t e  of protein turnover  during excitation, which leads to  a rapid 
re lease  of radioactivity.  

of radioactive methionine into brain proteins was studied by Zakharov and 
Orlyanskaya. They  found that the r a t e  of protein turri,>ver increased during 
excitation. These  s tudies  have shown that the r a t e  of protein turnover  
increases  during excitation. 

Similar  conclusions were  reached by Geiger,  e t  a l . ,  who found that 
the r a t e  of incorporation of radioactive carbon into brain proteins increased  
during convulsions. Such a n  increase was observed not only in  radioactivity 
determinations on total  brain proteins,  but also in s tudies  on the 
radioactivity of var ious subcellular f ract ions.  

And indeed, the s tudies  of Nechaeva showed that during excitation of the 

During the appearance of inhibition 

Different r e su l t s  were  obtained by Gaitonde and Richter .  In their  

An increased r a t e  of 

The  effect of cardiamine-induced excitation on the r a t e  of incorporation 
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Shapot founa that the rate  of incorporation of radioactive methionine 
into r a t  brain protein decreased a s  a resul t  of exhaustion produced by 
phenamine-induced excitation. If, however, the r a t s  fell as leep after 
excitation, the ra te  of incorporation of radioactive methionine into brain 
proteins  increased consider ably. 

Studies were a l so  made on r a t  brain protein metabolism following 
repeated epileptic fi ts  of the r a t s .  These studies were conducted by 
Pogodaev, et a l .  with the aid of radioactive methionine and tyrosine.  
They found that the ra te  of protein metabolism varied,  depending upon the 
frequency of epileptic f i t s .  Upon single or  repeated epileptic fi ts ,  which 
did not produce exhaustion, the ra te  of protein metabolism in the cortex,  
subcort ical  regions, and the cerebellum was higher than in control an imals .  

According to  Prokhorova and Tupikova 1351, during caffeine-induced 
excitation the specific activity of brain glycogen decreased ,  while the 
relat ive specific activity remained unchanged in some experiments  and 
decreased  in o the r s .  According to Prokhorova,  the glycogen content of 
the brain decreased during excitation. 

excitation the turnover  r a t e  of ribonucleic acids and of phospholipids 
increases  / 3 , 4 / .  

Skvirskaya and Silich 1391 studied the effect of pervitin-induced 
excitation on R N A  turnover .  N o  change in  RXA turnover was found. 

Experiments  on dogs 1 4 6 , 4 7 1  showed that sound stimulation resul ted 
in an increase  in the ra te  of ribonucleic acid and phospholipid turnover in 
the acoustic zone of the ce reb ra l  cor tex.  N o  changes were observed in 
the turnover  r a t e  of these compounds in the motor zone, o r  in other zones 
of the ce reb ra l  cor tex.  

Cardiamine-induced excitation also affects the metabolism of brain 
phosphoproteins and phospholipids / 9 /  or r e su l t s  in an increase in the i r  
turnover  r a t e .  Similar  data were obtained by Torda .  

During prolonged excitation (chronic overexcitation) the ra te  of 
incorporation of radioactive phosphorus into brain RNA dec reases  / 4 0 / .  
A s imi l a r  decrease  was found during induced insomnia (in r a t s ) .  One may 
assume that the reason  for  this decrease  is related to  the weakening of 
the functional activity of the nervous sys tem during s t r e s s .  

excitation of the brain resu l t s  i n  an increased r a t e  of metabolism of 
proteins ,  phosphoproteins, nucleic acids ,  and phospholipids. 

the stimuli; excitation may pass  into overexcitation, which leads to  
exhaustion and inhibition. 

The s ta te  of inhibition may be produced by var ious pharmacological 
drugs;  some of these produce a s ta te  which resembles  the natural, 
physiologic s ta te  of inhibition occurr ing during s leep.  Such is the action 
of s eve ra l  narcot ics  when adminis tered in sma l l  doses .  Other drugs 
produce a deeper inhibition, such as is observed during s leep  narcos is  
o r  anesthesia .  

in brain metabolism during inhibition. Numerous studies w e r e  made on 
bra in  protein metabolism during inhibition of nervous activity. 

By the use of radioactive phosphorus it was possible to  show that during 

Thus,  with the aid of radioisotopes we have been able to show that 

The r a t e  of brain metabolism var ies  with the s t rength and nature of 

The use of radioactive isotopes proved fruitful in s tudies  on the changes 
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Fr idman  and Pogosova, in experiments  on rabbi ts ,  studied the effect 
of narcotic s leep produced by a mixture  of urethan and veronal  and found 
that the r a t e  of incorporation of radioactive methionine into brain proteins 
remained unchanged. Nechaeva, on the other hand, found that the r a t e  of 
incorporation of radioactive methionine into brain proteins decreased  during 
narcotic s leep  produced by amytal.  

r a t e  of incorporation of radioactive glycine into brain proteins 1 5 1 .  It has  
been shown that during narcosis  the incorporation of glycine into bra in  
protein of r a t s  decreases .  

Gaitonde and Richter studied the r a t e  of incorporation of radioactive 
methionine into brain proteins of r a t s  during e ther  narcos is  (of t h r e e  hours '  
duration) and during narcosis  produced by the injection of nembutal. They  
showed that under these conditions the r a t e  of incorporation of methionine 
into brain proteins decreased considerably.  The  combined activity of 
anesthesia  and lowering of body tempera ture  led t o  a considerable decrease  
in the r a t e  of incorporation of radioactive methionine. Mitev also observed 
a decrease  in protein metabolism during narcosis  at low tempera ture .  

The  r e su l t s  of experiments  on inhibition depend not onlyon the nature  and 
potencyof the drugproducingthe inhibition, but a lso on the t i m e  lapse between 
the administration of the labeled drug  and the measurement of radioactivity.  
' Palladin,  Belik, and Krachko 1211, studying the turnover  r a t e  of brain 
proteins during inhibition, determined radioactivity at var ious t ime 
intervals  following the administration of methionine. In these s tudies  
narcot ic  s leep  was produced in \\ hite r a t s  by the subcutaneous injection 
of a medinal-urethan mixture .  The r e su l t s  showed that af ter  narcotic s leep  
of 20 hours '  duration, the turnover  r a t e  of brain proteins remained 
unchanged, a s  compared with control animals .  

Prokhorova and Tupikova, using radioactive glucose, found that during 
narcot ic  s leep  produced by chloral  hydrate and morphine-ether  t h e r e  was  
a considerable decrease  in both the specific activity and the relative 
specific activity of glycogen; in other words,  there  was a decrease  in the 
r a t e  of glycogen turnover .  Since glycogen content thereby increases ,  
Prokhorova and Tupikova concluded that during narcotic s leep  the r a t e  of 
glycogen synthesis  decreases  and glycogenolysis i s  inhibited. 

Dawson and Richter found that during nembutal narcos is  the r a t e  of 
incorporation of radioactive phosphorus into the nucleoproteins and 
phospholipids of mouse brain decreases ,  which indicates that narcot ic  s leep  
inhibits the synthesis  of nucleoproteins and phospholipids. 
of 24 hours '  or of 9 days '  duration, produced by the administration of a 
urethan-medinal mixture ,  r e su l t s  in a decreased  turnover  r a t e  of 
ribonucleic acid,  phosphoproteins, and phospholipids in r a t  brain 142,431.  

by hexanastub or amytal 1 3 1 .  
decrease  in the turnover r a t e  of ribonucleic acid and phospholipids m o r e  
pronounced. The  elucidation of the effect of inhibition on phospholipid 
metabolism became feasible only with the use  of radioisotopes,  s ince the 
phospholipid content of the brain does not change during narcotic s leep.  

dec reases  during narcot ic  s leep  produced by chloral  hydrate ,  

d e c r e a s e s  during natural  s leep.  

Similar  r e su l t s  were obtained in studies on the effect of inhibition on the 

Narcotic s l e e p  

S imi la r  r e su l t s  were  obtained with r a t s  when narcotic s leep  was produced 
Amytal-induced s leep  was deeper  and the 

According to Prokhorova and Taranova  the turnover  r a t e  of cerebros ides  

The  turnover  r a t e  of ribonucleic acids and of phospholipids a lso 
Studies on the metabolism of RITA and 
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phospholipids in var ious zones of dog ce reb ra l  cor tex during natural  and 
narcot ic  s leep  showed that during natural  s leep  the turnover r a t e  decreased  
consi-derably in the motor and optical zones, but remained almost unchanged 
in the acoustic zone. It may therefore  be assumed that in dogs the acoustic 
zone of the cortex is l e s s  inhibited during natural  s leep  than the motor  and 
optical zones. It should be mentioned that dogs' s leep  is very  sensitive and 
that they react  during s leep  to  the slightest round s t imuli .  

(amytal) s leep,  when numerous ref lexes  remained and the dogs could be 
awakened by external  stimuli, showed that normal  (physiological), and 
ar t i f ic ia l  (narcot ic)  s leep  have s imi l a r  effects on the metabolism of 
phospholipids and RNA in the motor and optical zones. In the acoustic zone 
the metabolic r a t e  of these compounds was lower during narcotic s leep 
than during natural  s leep.  Apparently, t rue  narcotic s leep  causes  a deeper  
inhibition in these zones than normal  s leep .  Indeed, during narcotic s leep  
dogs do not reac t  to weak sound s t imuli .  During deep narcos is ,  produced 
by large drug doses ,  the turnover  r a t e  of phospholipids and of RNA is lower 
st i l l ,  indicating a deeper  s ta te  of inhibition. 

var ious vitamin deficiencies, each vitamin deficiency having a different 
effect  upon brain metabolism. This  is c lear ly  seen  from the resu l t s  of 
s tudies  on the turnover  of brain proteins  during vitamin C and vitamin E 
deficiencies 1231 .  

During vitamin C deficiency a slight decrease  is observed in the r a t e  
of protein turnover  in guinea-pig brain.  Vitamin E deficiency has a g rea t e r  
effect on protein metabolism in rabbit brain, considerably decreasing the 
r a t e  of protein turnover  in the ce reb ra l  hemispheres ,  the cerebel lum, and 
the spinal cord by about 5 0 %  (Figure 8 )  [apparently in / 2 3 / .  ] 

During vitamin A deficiency the incorporation of radioactive methionine 
into brain proteins dec reases .  If animals with vitamin A deficiency a r e  
given vitamin A 8 hours  pr ior  to the injection of radioactive methionine, 
the r a t e  of incorporation of this amino acid into brain proteins increases  181. 

Palladin, Polyakova, and Gotovtseva studied the effect of s tarvat ion on 
the ra te  of incorporation of radioactive methionine into brain proteins of 
rabbi t s .  They found that when young rabbi ts  were subjected to s tarvat ion,  
t he re  was a decrease  in the incorporation of radioactive methionine into 
both soluble and insoluble brain proteins. In experiments  with adult 
rabbi ts  no changes in the r a t e  of brain protein turnover w e r e  found during 
s ta rva t  ion. 

Radioisotopes were  a l so  used for studies on brain metabolism during 
hypothermia. Vladimirov I 41  studied the effect of hypothermia on the 
metabolism of brain proteins by determining the ra te  of incorporation of 
radioactive glycine, methionine, and tyrosine.  He found that during 
hypothermia there  is a s h a r p  decrease  in the r a t e  of incorporation of these 
amino acids into brain proteins .  Nikulin found a decrease  in the r a t e  of 
protein synthesis  in the cerebel lum during hypothermia. 

Vladimirov studied the effect of hypothermia on lipid metabolism with 
the aid of radioactive phosphorus. He found that hypothermia inhibits the 
tur  n w e r  of phospholipids, lipoproteins, and phosphoproteins. The 
inhibition of phospholipids turnover  was most pronounced. The decrease  
in the incorporation of radioactive phosphorus into hexose phosphates 
was less pronounced than that into phospholipids. 

Comparative s tudies  on metabolic changes during natural  and narcot ic  

Changes in the functional s ta te  of the brain can a l so  be observed in 
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Chagovets, Lakhno, e t  a l . ,  found that during hypothermia produced by 
aminazine there  is a lower rate  Qf incorporation of radioactive phosphorus 
and thiamine into brain creatine phosphate. The combined effect of 
aminazine and low temperature  leads to a decrease in the metabolism of 
ATP and creatine phosphate in rabbit brain (Shtutman). 

creatine phosphate in tortoise brain dec reases .  

during hypoxia. Prokhorova, Brodskaya, and Sokolova, using C" glucose, 
have found that during hypoxia produced by sodium nitri te the r a t e  of 
glycogen metabolism dec reases ,  a s  judged by the lower specific activity 
of glycogen. 

various brain sections during oxygen starvation. These experiments  were 
conducted in vitro using brain s l ices  and homogenates 1131. The r e su l t s  
show that during oxygen starvation the synthesis of phospholipids, nucleic 
acids,  and phosphoproteins is a r r e s t ed .  The effect of hypoxia on the 
metabolism of these compounds in the whole organism w a s  a lso studied with 
the aid of ultraviolet microscopy 1 1 5 1 ,  Marked changes were detected in 
the content and distribution of these compounds in various cel lular  
components of the brain.  

during seve re  oxygen starvation in r a t s ,  under conditions where the hypoxic 
factor cannot be compensated for by various protective mechanisms,  there  
is a marked inhibition in the metabolism of brain phosphoproteins and 
phospholipids, The highest sensitivity towards hypoxia is found in 
phospholipids whose metabolic inhibition can be detected before that of 
nucleic acid o r  phosphoproteins. 

gamma irradiation w a s  studied by Brodskaya and Prokhorova, who found 
that the specific activity of glycogen, and especially of desmoglycogen, 
decreased considerably after irradiation. 

F rom the aforegoing it is c l ea r  that radioisotopes have played an 
important role  in studies on the metabolism of the nervous system a s  a 
whole, and of the brain i n  par t icular .  Of special  significance have been 
studies on protein metabolism, since proteins play an extremely important 
pa r t  in the function of the central  nervous system. It has  a lso been possible, 
with the use of radioisotopes, to detect changes in brain metabolism during 
various functional s t a t e s .  

The re  is  no doubt that further use of radioisotopes will enable us to 
penetrate even deeper into the biochemical processes  taking place in the 
nervous sys t em,  so  as to make their  control feasible. This  is the ult imate 
goal of brain biochemistry.  

Volkova found that during hypothermia the turnover r a t e  of ATP and 

Radioactive isotopes were also used in studies on brain metabolism 

Kreps,  Smirnov, and Chetverikov studied phosphorus metabolism in 

Chetverikov 1541, using radioactive inorganic phosphate, found that 

The  turnover r a t e  of soluble and insoluble brain glycogen fractions during 
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P R O T E I N S  OF THE N E R V O U S  S Y S T E M ,  T H E I R  
M E T A B O L I S M  A N D  R O L E  IN N E R V O U S  A C T I V I T Y *  

When the chemical  composition of the brain was f i r s t  studied, lipids 
received most attention since they w e r e  thought to be of pr ime importance 
in the activity of the nervous sys tem.  

Thudichum, who may be considered the pioneer of systematic  s tudies  
on the chemical  composition of the brain,  published a monograph in 1884 
in  which he ascr ibed to  lipids the p r imary  ro le  in brain t i s sue .  He was 
just ly  cr i t ic ized by Alexander Danilevskii, who was the f i r s t  to s t r e s s  the 
ex t remely  important ro le  of proteins in the function of the brain.  

During the las t  15-20 years  much attention has  been paid to  proteins 
and their  metabolism in the nervous sys tem.  However, even now there  
a r e  insufficient data  on the brain proteins, which make up about 4 0 %  of 
the d ry  weight of the brain.  

recent  invest igators  have descr ibed var ious protein fract ions;  among them 
albumin, globulin, neuroglobulin, neurostromin, neuronin, and o thers .  
However, upon fur ther  study, these were shown to be impure and represent  
a mixture of var ious proteins. 

deoxyribonucleoproteins. 
of Danilevskii was deoxyribonucleoprotein, whereas the neurostromin was 
shown to be ribonucleoprotein. Nucleoproteins may be complexed with 
lipids, such a s  in the liponucleoprotein isolated by Folch and Uzman. 

lipoproteins, which a re  water extractable  and decompose upon denaturation, 
and proteolipids, descr ibed by Folch and Lees,  which a r e  soluble in organic  
solvents such a s  chloroform and methanol. Folch and Lees isolated f rom 
the white mat te r  of the brain three  proteolipids, one of which, containing 
5 0 %  protein and 5 0 %  lipid, was obtained in crystalline form.  It i s  postulated 
that in lipoproteins the lipid is surrounded by protein, whereas  in 
proteolipids the protein is surrounded by lipid. Proteolipids participate 
in the formation of myelin sheath and a r e  res is tant  to  pro teases .  

Neurokeratin belongs to the proteins of nerve t issue which a r e  water- 
insoluble and res i s tan t  to proteolytic enzymes.  It is found in the sheaths  
of nerve f ibers .  It d i f fers  f rom conventional keratin in i t s  amino acid 
composition. 

which a r e  s imi l a r  to  the collagen and elast in  of other  t i s sues .  They  a r e  
present  in the walls of blood vesse ls .  There  is more  collagen in the 

Using var ious methods for the extraction of proteins f rom brain t issue,  

Brain t i s sue  contains nucleoproteins both ribonucleoproteins and 
Further  studies showed that the neuroglobulin 

Bra in  proteins complexed with lipids form two groups of compounds: 

Bra in  t i s sue  and per ipheral  nerves  a lso contain collagen and elast in  

* A revised and supplemented lecture read a t  the Third All-Union Conference on the Biochemistry of the  
Nervous System (Erevan, 1962) and a t  the First All-Union Biochemical Conference (Leningrad, January 
1964). ("The Third All-Union Conference on  the BiocliemistryoftheNervousSystem." Erevan. 1963, p .  9-22). 
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gray  mat te r  than in the white. According to Logan, the collagen nitrogen 
of the per ipheral  nerves  compr ises  about 3 5 %  of the total  nitrogen content. 

cerebrocuprein,  which contains two atoms of copper per  molecule. 

charac te r ized  by the presence of phosphorus in the form of phosphoserine. 
In alkaline media the phosphorus of phosphoproteins is easi ly  re leased  a s  
inorganic phosphate. 

significantly higher than that of phospholipids or of nucleic acids .  The 
turnover  of phosphoproteins is closely associated with oxidation, glycolysis, 
and oxidative phosphorylation 

Studies on protein composition in var ious sect ions of the nervous sys tem 
have shown that eveywhere the functionally most complex and phylogenetically 
youngest formations a re  r ichest  in protein.  
were  investigated: the white and gray  mat te r  of the ce reb ra l  hemispheres ,  
the functionally and phylogenetically different segments  of gray  mat te r ,  
and the ganglia in the spinal cord and in some sect ions of the autonomic 
nervous sy tem.  

in total protein content but also i n  the type of proteins they contain. The 
gray  mat te r  is r icher  in water-soluble proteins than is the white mat te r .  
The soluble proteins may be extracted with water ,  aqueous KC1, or 
aqueous NaOH. 

was determined by means of zone electrophoresis ,  which has  been 
successful ly  employed for the separat ion of s e rum proteins. Soluble 
proteins  of nerve t issue have been studied by means of zone electrophoresis  
s ince 1954.  In one of the f i r s t  experiments  of this  type Cupps employed 
th is  method to  study the pathogenesis of the swelling of brain t i s sue  proteins .  

elucidate the si te of formation of blood s e r u m  proteins, have a l so  employed 
the method of e lectrophoresis  for  the separat ion of brain proteins. 

paper  e lectrophoresis  without any prel iminary processing. They can be 
applied direct ly  to paper s t r ips  for  e lectrophoret ic  runs .  
e lectrophoret ic  studies of tiscue proteins, the protein must f i r s t  be extracted 
f rom the t i s sue .  The extraction should be ca r r i ed  out under such 
conditions so  as  to obtain a quantitative yield of the native, undenatured 
protein at a relatively high protein concentration - about 2 % o r  higher. 
For this  purpose the above investigators used various methods of protein 
extract ion,  the f i r s t  stage being the autolysis of the brain t i s sue .  E ra in  
t i s sue  was also ground with sand o r  frozen in d ry  ice.  

The  difficulties encountered i n  the electrophoret ic  separat ion of t issue 
proteins  increase  i f  the extracted proteins a r e  contaminated with nonprotein 
ma te r i a l  which may affect the electrophoret ic  mobility of the proteins .  Thus,  
for  example, i f  the protein extract  contains lipids they may be adsorbed 
on the paper and prevent the migration of proteins in the e lec t r ic  field. 

W e  frequently encountered these difficulties in investigations of brain 
proteins ,  since the brain contains large amounts of lipids. Thus,  in 
e lectrophoret ic  studies of brain proteins special  attention should be paid 

Bra in  t i s sue  also contains sma l l  amounts of such proteins a s  

Another group of brain proteins a r e  the phosphoproteins, which a r e  

Phosphoproteins a re  character ized by a very  high turnover  r a t e ,  

The following sect ions 

The  g ray  and white mat ter  of the brain differ f rom each other not only 

The  protein composition of the various sect ions of the nervous sys tem 

Demling, e t  a l . ,  studying proteins in var ious t i s sues  in o rde r  to  

Serum proteins and other t issue liquids may be separated by means of 

For 
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t o  the choice of methods and conditions for  the extraction of proteins f rom 
nerve t i s sue .  

Polyakova and Gotovtseva conducted prel iminary experiments  on different 
methods for  the extraction of soluble brain proteins pr ior  to e lectrophoresis .  
They  employed a number of buffer solutions with varying hydrogen ion 
concentrations for  this  purpose. Thei r  investigations showed that the lowest 
protein yield was obtained when extraction was performed with buffers of 
low pH (3.6-5), while the highest yield was obtained by extraction with 
alkaline buffer solutions of pH 8.6-9.2. However, the proteins extracted 
in this manner  w e r e  not well resolved by paper e lectrophoresis .  

Of a l l  the methods studied, the best one for the extraction of brain 
proteins  w a s  that which utilized physiological solutions of sodium chloride 
(sal ine)  followed by the freezing of the homogenate in liquid a i r .  This  
method yielded about 10% of the total  brain proteins, and the proteins 
extracted in this manner were well resolved by paper e lectrophoresis .  

Our  r e su l t s  agreed with those of Lees,  Baron, and Folch, who studied 
the effect of pH and ionic s t rength on the extractability of brain proteins .  

In preparation for  electrophoretic runs the various sections of the 
nervous sys tem were freed of membisanes and blood vesse ls ,  w e l l  washed, 
and homogenized in physiological sal ine solution. The proteins were then 
extracted at 2-4°C for two hours .  The homogenates were then frozen in 
liquid a i r  for 15 minutes and kept in the cold overnight. After thawing the 
ex t rac ts  w e r e  centrifuged at 8000 revolutions per  minute for 2 0  minutes. 

The ex t rac ts  of soluble proteins were subjected to e lectrophoresis  on 
Whatman No .  1 fi l ter  paper ( o r  corresponding fi l ter  papers  of other brands) ,  
in a veronal lmedinal  buffer of pH 8.6, at 260 V, for  6 - 7  hours .  The paper 
s t r i p s  w e r e  then dr ied and the proteins were stained with amido-black 10 B. 

The  protein content of the ex t rac ts  was determined, af ter  digestion with 
concentrated sulfuric acid, by means of the Winkler reagent .  Serum 
proteins f rom the same  animal were run a s  a control together with nerve 
t i s sue  proteins. Equal protein concentrations f rom each extract  were 
applied to  the paper s t r ip s .  Curves w e r e  obtained with the use of a 
densi tometer  which permitted us  to calculate the percent composition of 
each fraction. 

white mat te r  of the ce reb ra l  hemispheres ,  the cerebel lum, and the spinal  
cord of ca ts .  We have succeeded in resolving these proteins into 
6 - 7  fractions 1211. The great  major i ty  of these fractions were found to  
have electrophoret ic  mobilities charac te r i s t ic  of s e rum globulin. A very  
s m a l l  number of proteins were found with electrophoretic mobilities of 
s e r u m  albumin. 

These  s tudies  have shown that the globulins form the bulk of brain 
proteins .  The low amount of albumins in brain t i s sue  is a l so  charac te r i s t ic  
of other t i s sues  and is one of the distinguishing t r a i t s  of t i s sue  proteins, a s  
opposed to se rum proteins (Demling and Cupps). 

soluble brain proteins by means of e lectrophoresis .  These fract ions w e r e  
obtained f rom the gray  and white mat te r  of the ce reb ra l  hemispheres ,  
cerebel lum, medulla oblongata, spinal  cord, horns  of the spinal  cord,  and 
the sciat ic  nerve of cows. It was found that cow brain is poorer  in proteins 
with an electrophoret ic  mobility of s e r u m  albumin than is the brain of ca t s .  

Using the above methods, w e  have studied the proteins of the gray  and 

We (Polyakova) succeeded in obtaining 7-9 protein fract ions from the 
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Analogous data  w e r e  obtained by other  investigators who used paper 
e lec t rophores i s  for  the separat ion of soluble brain proteins .  

Electrophoret ic  s tudies  on proteins  f rom the sciat ic  nerve of ca ts  and 
cows have shown 129,301 that the per ipheral  nerves  contain both globulins 
and albumins. In addition, the sciat ic  nerve contains proteins  which move 
towards the cathode 1 2 3 1 .  Such proteins could not be detected in the bra in  
or  in the spinal  cord .  

w e l l  washed with saline solution, the albumin found cannot be regarded a s  
a contamination by se rum albumin. Since nerve contains lymphatic vesse ls  
and albumin is found in lymph, w e  considered the possibility that the albumin 
detected came from the lymphatic vesse ls  and was not a par t  of the t i s sue .  

T o  tes t  this  postulate mobility w e  carefully removed the lymph and, af ter  
f reezing the nerve, removed the epineurium together with the bulk of the 
lymphatic vesse ls .  The protein extracted af ter  this procedure again showed 
the electrophoret ic  mobility of albumin, 

connective t i s sue .  We wanted to  see whether the albumin present  in the 
nerve s t e m  is found only in the connective t i s sue  sheaths ,  o r  whether it is 
present  in the nerve f ibers .  T o  do this,  w e  isolated the nerve f ibers  f rom 
the surrounding connective t i s sue  and studied the electrophoret ic  behavior 
of the soluble proteins f rom the nerve f ibers  and from the connective t i s sue .  
The  connective t i s sue  w a s  carefully separated and removed under the 
microscope.  The  extent of purification of the nerve f ibers  was determined 
by appropriate staining. 

isolated nerve f ibers  and connective t issue of the epineurium and 
per ineurium w e r e  subjected to e lec t rophores i s .  The r e su l t s  showed that 
both the nerve f ibers  and the connective t issue of the nerve contain albumin. 
We w e r e  thus able to  show that nerve f ibers  contain albumin. 

Deiticke separa ted  bull nerve protein into two fract ions by 
ultracentrifugation. One was a slowly sedimenting fraction with a high 
electrophoret ic  mobility, and the other  a rapidly sedimenting fraction with 
a low electrophoret ic  mobility. He assumed that these proteins a r e  present  
in the nerve fiber proper .  

A s  we have already mentioned, the nerve also contains protein fract ion 
which moves towards the cathode. This  protein is present  in the nerve 
f ibers  but not in the connective t i s sue .  

is lower than that found in nerves .  The horns ~f the spinal  cord,  like 
nerves ,  contain proteins moving towards the cathJde (Figure 23) .  

the  nervus olfactorius and the nervus lienalis of cows and found that these 
nerves  a l so  contain a considerable amount of albumin. The nervus lienalis 
was f reed  f rom the connective t issue of the epineurium, which enabled 
u s  t o  detect the presence of albumin in the nerve f ibers .  These nerves  
did not contain proteins  which moved towards the cathode. 

shown the presence of both globulins and albumins. The la t te r  w e r e  
present  both in the nerve f ibers  and in the connective t issue.  

Since the nerve was careful ly  separated f rom blood vesse ls  and w a s  

Both l i t e ra ture  data  and our  resu l t s  showed that albumin is present  in 

Pro te ins  f rom the intact sciat ic  nerve of cows, and those from the 

The  horns of the spinal  cord of cows also contain albumin but i t s  content 

We a lso  determined the electrophoret ic  mobility of soluble proteins  f rom 

Electrophoret ic  s tudies  on proteins  f rom the ganglion spinale have 
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FIGURE 23. Electroplioreric did#rJm?: 
of soluhle proteins from the white matter 
of cow spinal cord ( l ) ,  liorns of die spinal 
cord (2),  sciatic iierve o f  adult cow ( 3 ) ,  
.CIJI IC nerve of cow enihryo (4). and 
cow serum ( 5 ) .  

We hsve also determined the 
electrophoret ic  mobility of the following 
nerve  proteins f rom the autonomic nervous 
sys tem:  the t runcus sympathicus (which 
consis ts  of nerve f ibers  andnerve  ganglia), 
and the ganglion s te l la tum (which consis ts  
of nerve cells and nerve f ibers) .  The  
electrophoret ic  d iagrams showed that the 
t runcus  contained globulin and considerable 
amounts of albumin. S imi la r  r e su l t s  were  
obtained for  the ganglion s te l la tum. Neither 
the spinal cord  ganglia, the t runcus 
sympathicus, nor the ganglion s te l la tum 
contained proteins moving towards the 
cathode. The  only differences in the protein 
composition of the above formations were  
in their  globulin content. 

e lectrophoresis)  and compared it with 
s e r u m  albumin. The  electrophoret ic  
mobilities of both albumins were  identical. 

We have isolated nerve albumin (by zone 

Rerve  albumin i s  a l so  s i m i l a r  t o  s e r u m  albumin in the concentration of 
ammonium sulfate necessary  for  i ts  precipitation. Thus,  the available 
data  show that the two albumins resemble  each other  ve ry  closely.  

Electrophoretic s tudies  on brain and sciat ic  nerve proteins of cow 
embryos  ( 2 ,  4 ,  and 7 months old) have shown that the nerves  differ f rom the 
brain in that they contain considerable amounts of albumin and of proteins 
moving towards the cathode. The  protein composition of the brain and 
nerves  becomes m o r e  complex as the embryo develops.  Thus,  protein 
differentiation appears  to accompany the functional development of nerve 
t issue.  

To summar ize ,  the above electrophoretic s tudies  on the soluble proteins 
of the cent ra l  and per ipheral  nervous sys tems have shown the following: 
1 .  The  soluble proteins of the cent ra l  nervous sys tem consis t  of globulins, 
o r  of proteins with the electrophoret ic  mobility of s e r u m  globulin. 2 .  The 
per ipheral  nerves  contain globulins, a considerable amount of albumins 
and proteins mo\,ing towards the cathode. 
albumins and proteins moving towards the cathode. 4 .  Nerves,  as well as 
var ious sections of the autonomic nervous sys tem contain albumin, but 
do not contain proteins moving towards the cathode. 5 .  Albumin was found 
in nerve f ibers  and was shown not t o  be contamination by connective t i s sue  
protein.  6 .  
sy s t em and the per ipheral  nerves  become differentiated as the nervous 
sys t em develops. 

adsorbed on the f i l t e r  paper  (especially l ipoproteins),  which inhibits t he i r  
migrat ion.  

e lectrophoresis  instead of paper .  

9 

3 .  The spinal  cord  also contains 

During embryonic life the proteins of the cent ra l  nervous 

The  main  limitation of paper  e lectrophoresis  is that the proteins become 

We therefore  decided to  use agar-gel as a supportive medium f o r  
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Agar-gel contains 98.570 buffer solution and does not prevent the migration 
of proteins  in the e lec t r ic  field. 

We found that with agar -ge l  w e  could obtain a much better resolution 
( a  l a rge r  number of f ract ions)  of the soluble proteins  of the nervous sys tem 
than w e  w e r e  able to obtain with paper .  We succeeded in resolving the 
soluble brain proteins into 16 f ract ions,  and even these proved to  be 
nonhomogeneous. 

When soluble brain proteins w e r e  precipitated with ammonium sulfate 
and then subjected to  agar-gel  e lectrophoresis ,  an even large number of 
f ract ions were obtained. Precipitation with var ious concentrations of 
ammonium sulfate yielded fract ions which differed in the i r  protein 
composition. 

In fur ther  investigations we used the combined method of ammonium 
sulfate fractionation and agar-gel  e lec t rophores i s  / 20 / .  The resu l t s  
obtained with this method showed that the proteins  present  in the g ray  and 
white mat te r  of the ce reb ra l  hemispheres  a r e  identical. The only exception 
was  the protein fraction precipitated with sa tura ted  ammonium sulfate 
(60-700/0).  In the gray  matter  this  f ract ion was resolved on electrophoresis  
into seven components, while in the white mat te r  it was resolved into 
s ix  components. 

Generally, only quantitative differences w e r e  found between proteins of 
the g ray  and white mat te r .  

The  separat ion of proteins by agar -ge l  e lectrophoresis  into var ious 
fract ions enabled us  to  study their  enzymatic activity. We have succeeded 
in detecting enzymatic activity in var ious protein fract ions.  In other words, 
w e  studied the localization of various enzymes in different e lectrophoret ic  
protein fract ions.  

We have also succeeded in purifying var ious enzymes by combining 
e lec t rophores i s  with other methods of protein purification, such a s  
chromatography on Sephadex, or on cellulose der ivat ions.  In this  way w e  
w e r e  able t o  obtain enzymes which w e r e  e lectrophoret ical ly  homogenous 
(such as brain pro tease) .  

proteins w e r e  considered a s  metabolically inactive compounds. Since the 
bra in  has  a high metabolic activity, it was thought that th i s  charac te r i s t ic  
property was due to  an active carbohydrate metabol ism.  

into brain proteins showed that the incorporation was slow. This  
strengthened the belief that brain proteins  w e r e  inactive, even though 
Greenberg showed at that time that there  was a rapid incorporation of 
radioactive methionine into brain proteins ,  provided that the amino acid 
was adminis tered direct ly  into the brain.  

radioactive amino acids into brain proteins  w a s  due t o  the blood-brain 
b a r r i e r ,  which prevented the en t ry  of amino acids  into the brain. When 
radioactive amino acids w e r e  injected intracis ternal ly  they were shown t o  
be incorporated at a ra te  which was comparable  to  that observed in the 
l iver .  These  resu l t s  were obtained by Gaitonde and Richter, who injected 
radioactive methionine subarachnoidally and by Waelsch and Lajtha, who 
injected radioctive lysine intraperitoneally. Lysine penetrates  rapidly 
into the brain and has  an advantage over  methionine and glycine in that 

For  a considerable period of t ime,  before the advent of isotopes, brain 

The f i r s t  determinations of the incorporation of radioactive amino acids 

Fur ther  investigations showed that the low r a t e  of incorporation of 
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it  is not converted to  other amino acids in sho r t - t e rm experiments .  Similar  
r e s u l t s  w e r e  a lso obtained by Vladimirov, et a l . ,  who confirmed that brain 
proteins exis t  in a dynamic s ta te  and undergo rapid turnover .  Analogous 
r e s u l t s  w e r e  obtained in experiments  on the incorporation of radioactive 
phosphorus into phosphoproteins. 

Experiments  on the ra te  of incorporation of amino acids into brain 
proteins w e r e  usually car r ied  out by determining the relative specific 
radioactivity of the proteins following the administration of the radioactive 
amino acid.  The relative specific radioactivity of proteins is the ra t io  of 
the specific radioactivity of proteins in brain t i s sue  to  that of the 
t r ichloracet ic  acid extract .  It is a rel iable  measu re  of the r a t e  of amino 
acid incorporation into brain proteins.  

acid incorporation into the protein. The t e r m  "half-life" of a protein is 
used to designate i t s  turnover ra te .  
half-life of brain proteins increases  with the t ime interval  e lapsing 
between the introduction of the radioactive amino acid and the sacr i f ic ing Of 

the  animal.  
In their  experiments  mice were sacr i f iced from two minutes to one hour 

af ter  radioactive lysine w a s  administered to them.  When the t ime interval  
between the administration of the radioactive amino acid and sacr i f ice  was 
two minutes,  the half-life was 2 . 8  days.  If the t ime interval  w a s  60  minutes,  
the half-life w a s  1 5 . 2  days.  

e lapses  between the administration of radioactive amino acids and the 
sacr i f ic ing of the animal i s  conditioned by the presence in the brain of 
var ious proteins with different r a t e s  of turnover .  There  a r e  proteins with 
a ve ry  high turnover  (microsomal  proteins)  as  w e l l  as proteins with a long 
half-life, such as proteolipids, neurokeratin,  and myelin sheath proteins 
In experiments  of short  duration (in which the t ime that e lapses  between 
the administration of C"-lysine and the determination of radioactivity i s  
shor t )  the half-life of proteins with a high turnover ,  or short  half-l ife,  
is measured .  In experiments  of long duration the half-life of more  stable 
proteins i s  determined. In young animals ,  whose brains  undergo rapid 
growth and differentiation, the content of proteins with a long half-life 
i s  low. 

Kravchinskii and Silich, of the Institute of Biochemistry of the Academy 
of Sciences of the Ukrainian SSR, and by Vladimirov, who determined the 
ra te  of incorporation of radioactive methionine and tyrosine into var ious 
fract ions of brain proteins.  The fractions w e r e  obtained by extraction with 
water ,  sodium chloride,  and sodium hydroxide. Metabolically active 
protein fractions could be extracted with water  and sodium chloride.  Less  
active proteins were extracted with alkali  o r  remained in the alkali- 
insoluble res idue.  

different par t s ,  the problem a r i s e s  as to the turnover  rate of proteins of 
var ious par t s  of the brain.  

and Richter,  Furs t ,  Lajtha and Waelsch, Vladimirov, Pogodaev and 
Nefedova) have shown that the most  metabolically active proteins 

The  turnover  ra te  of a protein may be evaluated f rom the ra te  of amino 

Lajtha. and Waelsch found that the 

The dependence of the half-life of proteins on the t ime interval which 

The metabolic heterogeneity of brain protc . n s  has been shown by 

Inasmuch as the brain consis ts  of numerous functionally and s t ructural ly  

Studies of var ious investigators (Palladin and Vertaimer,  Cohn, Gaitonde 
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(those with the shortest  half-life) a r e  found i n  the cerebellum and the 
c e r e b r a l  cor tex.  The  proteins of the spinal cord have the longest half-life. 
However, these studies were made on the total  protein content of various 
pa r t s  of the central  nervous system, and it is known that each par t  contains 
different protein fractions with different turnover r a t e s .  Moreover,  brain 
g ray  ma t t e r  proteins have a considerably higher r a t e  of turnover than those 
from the white ma t t e r .  

sections of the brain and spinal cord of monkeys (M a c a c a).  They found 
that the spinal cord proteins had the longest half-life, followed by those of 
the medulla oblongata, thalamus, hypothalamus, cerebellum, and ce reb ra l  
cortex.  
callosum. 
elements  consist  mainly of glia. 

These rather  su rp r i s ing  resul ts  may be explained by the fact that the 
half-life values were calculated from measurements  of the time-dependent 
changes in the specific activity of a radioactive amino acid (lysine) in the 
f r ee  amino acid pool and in the protein.  In these calculations it w a s  
assumed that there  i s  a homogeneous pool of f ree  amino acids and that these 
soluble amino acids a r e  the protein p recu r so r s .  Any erroneous 
measurement  in the specific radioactivity of the p recu r so r  leads to  an 
erroneous half-life value. The f r ee  lysine in the white mat ter  of the corpus 
callosum mag not be in a homogeneous pool and may constitute only a sma l l  
fraction of the protein p recu r so r .  A revision i n  the calculations should 
show that the proteins of the corpus callosum have a longer half-life than 
that found. 

Numerous investigators (Greenberg,  Gaitonde and Richter,  Palladin, 
Belik and Krachko, Lajtha and Waelsch) have found that the turnover r a t e  
of brain proteins dec reases  with age.  These resul ts  were also confirmed 
by Bulankin and Pa r ina .  In one-month-old r a t s  the half-life of brain proteins 
w a s  1.2 days, while in older r a t s  it w a s  3.6 days. The decrease in protein 
turnover may be due to  the age-depetident accumulation of proteins with 
low activity. This  hypothesis would concur with the findings of Lajtha that 
the brain of adult mice contains proteins with a long half-life which are 
absent i n  young(l0-day-old) animals.  It is also strengthened by the finding 
that brain proteins of young and adult animals differ in their  amino acid 
composition. 

composition. (Mechislavov). During embryonic and ea r ly  postembryonic 
development the content of amino acids i n  the gray and white mat ter  of 
guinea pig brain changes. 

showed that the complexity and differentiation of the soluble proteins 
inc reases  with embryonic development. 

In o rde r  to study the turnover of proteins from various intracellular 
components of brain t issue,  Fu r s t ,  Lajtha, and Waelsch determined the r a t e  
of incorporation of C14-lysine into proteins of various subcellular fractions 
of the ce reb ra l  cortex of monkeys. The subcellular fractions w e r e  isolated 
by differential centrifugation. They found that here,  as in other t i s sues ,  
the highest r a t e  of incorporation was displayed by the microsomal  proteins.  

Lajtha and Waelsch calculated the half-life values of proteins f rom various 

Proteins  with the shortest  half-life were found in the corpus 
These a r e  proteins of the white ma t t e r  in which the cellular 

The  white and gray matter  of embryo brains  differ in their  amino acid 

Polyakova, studying brain and nerve proteins of variously aged embryos,  
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Similar  r e su l t s  were  obtained by Palladin, Belik, and Kirachko, who 
studied the incorporation of radioactive methionine into the proteins of 
nuclei, mitochondria, microsomes ,  and the cytoplasmic solub!e fraction 
obtained f rom the c e r e b r a l  hemispheres  and cerebel lum of ca t s .  The 
highest protein turncver  was found in the microsomes ,  and the lowest in 
the mitochondria. Protein turnover  in the nuclei was intermediate.  In 
general ,  protein turnover  was higher in fractions from the cerebellurn than 
in  the corresponding c e r e b r a l  f ract ions.  

Clouet and Richter  showed that the microsomal  proteins have the highest 
r a t e  of C14-methionine incorporation. Upon fractionation of the microsomal  
proteins  C14-methionine w a s  incorporated most  rapidly into the fraction 
obtained by high speed centrifugation. T h i s  fraction contained microsomal  
l ipids,  and nucleic acids  and r ibosomes.  

Clouet and Richter,  determining protein radioactivity five hours  after 
the injection of radioactive methionine, found that the radioactivity of the 
microsomal  nucleoproteins gradually decreased with a concomitant increase  
in the specific radioactivity of proteins of other subcellular f ract ions.  
On the bas i s  of these  da ta  Clouet and Richter  assumed that microsomal  
proteins are  t ransient  and are rapidly t ransfer red  to  proteins of other  
fractions.  

F u r s t ,  Lajtha, and Waelsch studied the incorporation of rsdi(>active 
lysine into the subcellular fractions obtained f rom functionally d'fferent 
regions of the brain and found that the microsomal  proteins have the most  
rapid incorporation. 
shor tes t  half-life. T h e i r  turnover i s  about one hour o r  l e s s .  

of the total  t issue protein).  
soluble cytoplasmic fraction. Microsomes  and nuclei  had the lowest protein 
content. 

protein species ,  an attempt was made to  separa te  these proteins into var ious 
fractions and t o  study the i r  turnover .  Belik fractionated the proteins f rom 
the soluble cytoplasmic fraction of the brain by ammonium sulfate 
precipitation and determined the turnover  r a t e s  of the var ious protein 
fractions obtained. The  protein fraction precipitated by 2 0  70 saturation 
with ammonium sulfate had the highest turnover r a t e .  The  fractions 
precipitated in the range of 50- 100 70 ammonium sulfate saturat ion had 
the lowest turnover  r a t e .  
fractionation. These  proteins which remained in solution in 50 70 acetone 
had the highest r a t e  of turnover .  

fraction have different turnover  r a t e s .  

T h i s  h a s  been shown both in experiments  in vivo and in vi t ro .  On the other 
hand, protein degradation takes  place mainly in  the mitochondria. The  
s tudies  of Polyakova, Belik, and Tsaryuk have shown that the highest 
protease activity (cathepsin) is present  in the mitochondrial fraction. 
Pro tease  activity is much lower in the microsomes and nuclei, and lowest 
in  the soluble fraction; 8 0 %  of cathepsin activity is fcund i n  the 
mitochondria, 10 % in the soluble fraction, 4 70 in the nuclear fraction, and 
3 70 in  the microsomal fraction. 

Thus,  the microsomes  contain proteins with the 

The  highest protein content w a s  found in the mitochondria (about 4 0 %  
A somewhat s m a l l e r  amount w a s  found in the 

Since each subcellular fraction apparently consis ts  of more  than one 

Proteins  were also separated by acetone 

Thus  it was shown that different proteins  from the s a m e  subcellular 

The  highest r a t e  of brain protein synthesis takes  place in the mic rosomes .  
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The r a t e  of amino acid incorporation into proteins of various brain 
s t ruc tu res  has  a l so  been measured by means  of histoautoradiography. 
F ischer .  Kolous6k, and Lodin, and KolousPk and Lodin, in experiments  on 
dogs, measured the incorporation of radioactivity into proteins  of the 
motor  neurons from the anter ior  horns of the spinal  cord and into ce l l s  of 
the granular  layer  of the cerebel lum. In experiments  on rabbi ts  and ca ts  
they found that the ra te  of metabolism differs in neuronal proteins f rom 
various regions of the cent ra l  nervous sys tem.  The highest r a t e  was found 
in  Purkinje 's  ce l l s  of the cerebel lum. It was lower in the motor neurons 
of the horns of the spinal cord,  and lowest in the neurons of the ce reb ra l  
cortex, Flannigan and McClean, working with r a t s ,  found that the r a t e  of 
C14-methionine incorporation var ies  in different brain sect ions.  The ra te  
of incorporation into proteins of the cerebe l la r  cor tex and subcort ical  
formations was very  high. 

According to  the data of Schultze, Oehlert, and Maurer ,  the r a t e  of 
protein turnover in nerve cel ls  is 53-70 t imes higher than that in glia ce l l s .  
The highest turnover  was found in the large pyramidal cel ls  of the cortex 
and in the cel ls  of Ammon's horns.  In cel ls  of the cor t ica l  sensory  centers  
protein metabolism was less rapid than in ce l l s  of the motor and autonomic 
centers .  

methods a r e  to some extent contradictory, The data  obtained f rom 
biochemical studies on the high ra te  of protein turnover in phylogenetically 
young s t ruc tures  of the brain ( ce reb ra l  cor tex)  were not corroborated by 
histoautoradiographic data, which show that protein turnover  in nerve cel ls  
of the phylogenetically younger formations is lower than in neurons of 
older formations, such a s  the spinal cord .  At the same  t ime,  the r a t e  of 
protein turnover is very high in cel ls  of the ganglion layer  of the cerebel lum, 
which is phylogenetically young formation. It should be recal led that 
autoradiograms show only the localization of radioactive amino acids 
in  the cel ls ,  s o  that this  method cannot be used for  studies on turnover  r a t e s .  

The per ipheral  nerves  differ f rom brain t issue in their  protein 
composition. It has been shown that they also differ in the i r  r a t e  of protein 
turnover .  According to  Silich, of the Institute of Biochemistry of the 
Academy of Sciences of the Ukrainian SSR, the ra te  of incorporation of 
radioactive methionine into nerve proteins is much lower than into brain 
proteins ,  in both the white and the gray  ma t t e r .  

Various fractions of nerve proteins ,  extracted with water ,  sodium 
chloride, or sodium hydroxide showed different r a t e s  of protein turnover .  
The r a t e  of protein turnover in nerves  was lower than that of the 
corresponding protein fractions in the brain.  

Thus, the different functions of the per ipheral  nerves  and of the cent ra l  
nervous sys tem a r e  correlated with differences in protein composition and 
turnover  r a t e .  It is logical to assume that in the cent ra l  nervous sys tem 
there  is a higher prevalence of proteins with a high metabolic ra te  and 
short  half-life, whereas  in the per ipheral  nerves  the r eve r se  situation 
should be t rue .  

More recent  investigations indicate that substances can move along nerve 
axons. Hebb and Waites have shown that cholineacetylase disappears  f rom 
the d is ta l  par t  of the nerve with a concomitant increase in enzymatic activity 
in the proximal par t  of the nerve, which is indicative of the movement of 

It appears  that the data obtained by biochemical and histoautoradiographic 
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the enzyme along the nerve axon from the ce l l  where it is formed to  the 
nerve ending where it functions. To  ascer ta in  whether this  assumption is 
co r rec t  Lajtha studied protein metabolism in the per ipheral  nerves  by 
determining protein radioactivity in var ious segments  of the nerve following 
the administration of radioactive amino acids .  The data obtained w e r e  
inconclusive. 

It would be of great  interest  to elucidate the correlat ion between the 
functional activity of the brain and i t s  protein metabolism. Several  attempts 
have been made in this direction. Soula studied proteolysis in the brain 
under var ious conditions of increased and decreased  proteolytic activity. 
He determined the total  nitrogen content of the brain,  the content of amino 
acid nitrogen, and the ra t io  of amino acid nitrogen to total nitrogen for  which 
the t e r m  "aminogenesis coefficient" was coined. This  coefficient was 
used for calculations of the extent of proteolysis o r  aminogenesis. 

animals (dogs and rabbi t s )  under normal  conditions. Thereaf te r  he studied 
the effect of various agents which enhanced or inhibited nervous activity 
on aminogenesis. Among the fo rmer  were heat, faradization, asphyxia, 
c u r a r e ,  strychnine, and cocaine. Among the la t te r  were low tempera ture ,  
chloroform, chloralosis ,  chloral  hydrate, morphine, and e the r .  It w a s  
shown that all  enhancement of brain activity led to an increase  in the ra te  
of aminogenesis or ,  in other words, to increased proteolytic activity. 
During low brain activity aminogenesis decreased .  These resu l t s  permit  
one to  conclude that the proteins of the nervous sys tem constitute an 
integral  part of the brain and that brain activity is accompanied by enhanced 
protein degradation. 

e lec t r ica l  s t imuli  or by various pharmacological drugs .  It was feared that 
the action of such nonphysiological s t imuli  may cause not only physiological, 
but also pathological and morphological changes. 

This  prompted Gorodisskaya to design experiments  in which changes 
in the activity of various brain sections w e r e  induced byphytiological agents. 
She studied the effect of physiological changes in the activity of the optical 
cen ters  of the ce reb ra l  cor tex on protein degradat ion (proteolysis) .  Changes 
i n  the activity of the optical cen ters  were produced by sewing up the eyelids 
of young ca t s .  These studies showed that the ra te  of proteolysis in the 
optical zone of the ce reb ra l  cor tex of ca t s  in res t ing  s ta tes  (cats  with sewn- 
up eyel ids)  was always lower than in the optical cen ters  of control animals .  
In blind ca t s  no changes in the ra te  of proteolysis w e r e  found in other  
cor t ical  cen ters ,  such as  the motor o r t h e  sensory  centers .  The optical 
t r a c t s  of normal  ca ts  showed a higher r a t e  of proteolysis than those of 
blind ca ts .  A s imi la r  correlat ion between changes in activity and protein 
metabolism has been established for  the auditory cen te r s .  An increase  in 
the activity of the auditory centers  was accompanied by an increase in 
protein hydrolysis. 

of a correlat ion between changes in the functional s ta te  of the ce reb ra l  
cor tex  and changes in i t s  metabolic activity. 

activity of brain proteins, studied protein metabolism in ce l l s  of the anter ior  
horns  under conditions of exhaustion, and in ce l l s  of the spinal  ganglion 

At f i r s t  Souladetermined the extent of aminogenesis in brains  of normal  

In other investigations, changes in brain activity were induced by 

These  s tudies  provided the f i r s t  experimental  evidence for  the existence 

Hyden, in experiments  which provided the f i r s t  evidence for  metabolic 
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af ter  e lec t r ica l  stimulation. He concluded that during functional excitation 
protein metabolism increases .  Anabolic processes  prevailed under 
conditions of moderate excitation, whereas  catabolic processes  prevailed 
during s t rong  excitation which led to  exhaustion. 

The  use of radioisotopes proved fruitful for  the elucidation of changes 
in brain metabolism during excitation. However, the resu l t s  obtained 
were  contradictory. Some investigators, such a s  Nechaeva, Palladin, Belik 
and Krachko, Zakharov and Orlyanskaya found that the r a t e  of protein 
turnover  in the cent ra l  nervous sys tem increased under conditions of 
excitation, such a s  stimulation of the skin receptors  o r  the administration 
of phenamine. Other investigators (Vladimirov and Urinson, Gaitonde and 
Richter )  have shown that during e lec t r ica l  stimulation there  is a decrease  
in the rate  of incorporation of radioactive amino acids into brain proteins .  

i n  the brain of rabbi ts  which were subjected for  6 0  minutes to convulsions 
induced by corazol  and an e lec t r ic  cur ren t .  KO changes in the ra te  of 
protein turnover  w e r e  found during phosphacol-induced convulsions of two- 
hour duration in r a t s .  

changes during repeated epileptic fits, depending upon the number and 
frequency of the f i t s .  The higher the intensity of the epileptic fi ts ,  the 
lower the ra te  of protein metabol ism.  Pogodaev assumed that excitation 
induced by phenamine or sound s t imuli  is accompanied by an increased 
ra te  of protein hydrolysis due to the enhanced activity of proteolytic 
enzymes,  and by an increased ra te  of protein synthesis .  However, the 
main observation made during excitation was that carboxyl groups were 
re leased  due to deamination. KolouBek found a decreased ra te  of protein 
turnover  during epileptic fits elicited with pharmacological drugs .  Dingman. 
e t  a l . ,  found no changes in protein turnover during convulsions. 

According to Vladimirov the ra te  of phosphoprotein turnover  increases  
during excitation which r e su l t s  f rom nonconditioned and conditioned ref lexes .  
According to  Zakharov and Orlyanskaya the turnover of phosphoproteins 
inc reases  during convulsions elicited with cardiamine.  
Maslova did not find any change in phosphoprotein turnover  during 
convulsions elicited with corazol  (in rabbi t s )  and phosphacol (in r a t s ) .  

Heald studied the effect of e lec t r ica l  stimulation on the r a t e  of 
incorporation of radioactive phosphorus into brain s l i ce s .  The resu l t s  w e r e  
ambiguous at f i r s t .  He concluded that e lec t r ica l  stimulation increases  the 
turnover  ra te  only of the phosphoproteins present  in the nuclear  fraction 
but has  no effect on phosphoproteins in the soluble fraction and in the 
mitochondria. 

b ra in  protein metabolism during excitation with the aid of radioactive 
isotopes may be due to  a number of reasons .  In such experiments  it is of 
great  importance to  es t imate  cor rec t ly  the s ta te  of the nervous sys tem.  
It is a l so  important that experimental  excitation should be closely related 
t o  physiological excitation. Excitation elicited with very  s t rong  s t imulants  
may resul t  in convulsions. If the stimulation is prolonged excitation may 
pass  to overexcitation and to  inhibition, which is indicative of the exhaustion 
of the nervous sys tem.  In experiments  with radioisotopes knowledge of 
the extent of the endogenous pool needed for  the determination of the relat ive 

Rozengardt and Maslova found that the ra te  of protein turnover  decreased  

According to Pogodaev, e t .  a l . ,  the ra te  of brain protein metabolism 

Rozengardt and 

The  contradictory resu l t s  obtained by seve ra l  investigators who studied 
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specific activity is of great  importance. The r a t e  of incorporation of 
radioactive amino acids should be measured at var ious t ime intervals  
following the i r  administration. The presence of a blood-brain b a r r i e r  
should a l so  be accounted for.  Finally, a l l  experiments  should here  
appropriate controls .  

nervous sys tem which resembles  physiological excitation the r a t e  of protein 
turnover  increases .  During very s t rong  excitation which leads to  
convulsions, or during prolonged excitation, which may lead to  over -  
excitation and exhaustion of the nervous system, protein turnover  dec reases  

Rozengardt and Maslova compared the nature of biochemical changes 
with objectively recorded s ta tes  of the cent ra l  nervous sys tem and of other 
sys t ems  of the organism.  They established that the general  s ta te  of the 
organism (and par t icular ly  i t s  respirat ion and circulation) plays an 
important ro le  in these changes. They lound that in all  experiments  during 
which the blood p res su re  did not fall  the metabolic r a t e  remained unchanged 
during excitation. In experiments  in which the blood p res su re  fell  and 
remained at a low level the ra te  of protein turnover decreased .  They 
consider blood p res su re  a s  a factor which ref lects  the s ta te  of brain blood 
circulation, and hence the t ransport  of glucose and other substances to  the 
brain.  A deficiency in these substances resu l t s  in a decrease  in the 
synthesis  ra te  of energy-r ich compounds i n  the brain,  with a concomitant 
decrease  in the r a t e  of protein synthesis .  

On the bas i s  of these data Rozengardt and Maslova proposed that the 
factor  which determines the ra te  of protein turnover  in the cent ra l  nervous 
sys tem is not the prevailing s ta te  of excitation or inhibition but the supply 
of oxygen, glucose, and other metabolites to  the brain.  

In r e sea rch  on the inhibition of brain protein metabolism most  
investigators studied the effect of various narcot ics  on brain protein 
turnover  with the aid of radioactive techniques. Here also, the resu l t s  
w e r e  contradictory. Gaitonde and Richter, Vladimirova and Urinson, 
Pogodaev and Nefedova, and Nechaeva, studying the incorporation of 
radioactive methionine and glycine into brain proteins doring narcos is  
elicited with pentabarbiturate, e ther ,  and amytal, found a decrease  in the 
r a t e  of protein metabolism. Other investigators (Fridman-Pogosova, 
Palladin, Belik and Krachko) using the anesthetics urethan and veronal, 
o r  a medinal-urethan mixture, found no changes in protein metabolism. 

According to Pogodaev, both protein synthesis and degradation decrease  
but synthesis prevai ls  over degradation. According to  Shnyak, protein 
turnover  increased (by 30 70) in the cerebra l  cor tex of r a t s  during exhaustive 
excitation, and decreased  (by 48 70) during 30 minutes of deep s leep  of 
which followed exhaustive excitation. 

the metabolism of phosphoproteins. 

authors  detected changes in brain protein configuration and s t ruc ture ,  in 
physicochemical propert ies  of proteins, and in the ra te  of protein 
decomposition. Promyslov found that during prolonged narcot ic  s leep  
there  is a decrease  in protein content in rabbit brain.  

The  majori ty  of investigators have found that during excitation of the 

According to Rozengardt and Maslova, narcot ic  s leep  has  no effect on 

During excitation, apar t  f rom changes in protein metabolism, numerous 
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According to  Unger e t  a l . ,  the number of protein sulfhydryl groups 
inc reases  during excitation, which indicates a s t ruc tu ra l  rear rangement  
of the proteins .  This  is in accordance with the postulated ro le  of sulfhydryl 
groups in nervous activity. 

According to  Martinson e t  a l . ,  excitation is accompanied by the 
deamidation of proteins  and by an increase  in the i r  e lectrophoret ic  
mobility. During prolonged and s t rong  e lec t r ica l  s t imuli  (the electrodes 
were placed on the head) amidation supercedes deamidation, which lowers  
protein of electrophoretic mobility; the s ta te  of excitation passes  into that 
of inhibition. 

Excitation was accompanied by deamidation (change in protein 
macros t ruc ture)  and increased electrophoret ic  mobility. During inhibition 
amidation prevailed and the electrophoretic mobility decreased.  Analogous 
changes w e r e  observed during s leep  under sedation. According to  
Gershenovich changes in amide groups (both labile and nonlabile) can be 
observed during oxygen poisoning, during which the functional s ta te  changes 
f r o m  s leep  to s t rong  convulsions, depending on the extent of poisoning. 
During seve re  hypoglycemia, caused by the administration of insulin, 
Tyakhepyl'd observed protein deamidation, which led to alterations in 
protein s t ruc ture .  

in  young rabbi ts  dec reases  considerably during s tarvat ion.  The most 
prominent decrease  is in the mitochondrial proteins and, to  a lesser extent, 
in  the microsomal  proteins and in proteins of the soluble cytoplasmic 
fract ion.  The smal les t  effect was found in nuclear proteins (Smerchinskaya). 
Thus,  s tarvat ion affects protein synthesis  in the s t ruc tu ra l  e lements  of 
brain t i s  sue. 

During s tarvat ion the ra te  of proteolysis in the white mat te r  of the brain 
inc reases  markedly.  The ra te  of proteolysis  in the gray  mat te r  r ema ins  
unchanged (Palladin and Gulyi). Protein deficiency is accompanied by an 
increase  in proteolysis in r a t  brain nerve cells (Kuporenku). 

In autumn the brain of adult rabbi ts  contains more  creat ine than in the 
sp r ing  1 2 3 1 .  Similar  differences in creat ine content w e r e  observed in the 
bra in  of rabbit embryos;  they contained more  creat ine in the autumn than 
in spr ing.  Pigeon brain also contained different amounts of creat ine in 
sp r ing  and in autumn. The ra te  of proteolysis in pigeon brain was higher 
in the spr ing  than in the summer  (Palladin and Gulyi). 

functional activity of the nervous sys tem and protein turnover ,  and that 
proteins  have a definite function in the nervous sys tem.  

Bra in  proteins  may be utilized a s  a source  of energy under var ious 
conditions. Aboad has shown that excitation of the sciat ic  nerve leads 
to  the utilization of proteins instead of carbohydrates .  

and glutamic acid. Although a close connection has  been established between 
the functional activity of the nervous sys tem and protein metabolism, not 
much is known about the specific ro le  of var ious proteins in the function 
of the nervous sys tem.  It is feasible that nerve t i s sue  contains a number 
of proteins, each  being specific for a different functional region of the 
nervous sys tem.  

S imi la r  phenomena w e r e  observed in proteins of the sciat ic  nerve.  

The  r a t e  of protein turnover in the subcellular f ract ions of brain t i s sue  

Brain nitrogen metabolism .is influenced a l so  by the year ly  seasons .  

It may  be concluded that there  is a definite connection between the 

Mullins found that excited nerves  preferent ia l ly  utilize glycine, alanine, 
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An attempt to find such proteins was made by Turpaev,  who succeeded 
in isolating a specific protein connected with a determined function of the 
nervous system. This  is a choline receptor .  He found that this  protein is 
present  in the water-soluble fraction of brain homogenates and that it can 
be precipitated by ammonium sulfate. 

One of chief concerns ir. the biochemistry of the nervous system i s  the 
character izat ion of specific proteins; finding suitable methods of isolation, 
defining their  metabolic activity, identifying them with a specific functional 
s ta te  of the brain,  and finding their  specific ro le  in the function of the 
nervous sys tem.  Waelsch assumed that brain proteins a r e  the main units 
of the s torage of information, which is one of the specific functions of the 
nervous sys tem.  

The highest r a t e  of protein turnover in the nervous sys tem was found 
in regions r ich  in nerve ce l l s .  The highest r a t e  of protein turnover  is 
charac te r i s t ic  of the microsomal  and r ibosomal  proteins .  However, more  
s table  proteins with a longer half-life a l so  play an important ro le  in the 
nervous sys tem.  Such a r e  the enzymes,  which a r e  responsible for brain 
metabolism . 

Studies on proteins of the cent ra l  and per ipheral  nervous sys tems a r e  
necessary  for  the understanding of nervous sys tem abnormalities (acquired 
and inborn), and par t icular ly  of psychic d i so rde r s .  The la t ter  depend on 
dis turbances in protein metabolism, a redistribution of specific proteins ,  
an  increase  o r  decrease  in protein content, o r  the replacement of some 
amino acids by others .  Changes in brain protein metabolism may provide 
the bas i s  for  i t s  various pathological s t a t e s .  
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BRAIN METABOLISM DURING HIBERNATION* 

In hibernating animals (gophers) there  is a physiological inhibition of 
a l l  metabolic processes  during hibernation and an increased activity of all 
metabolic processes  upon awakening. These  processes  a r e  of spec ia l  
in te res t  in studies on brain metabolism; there  a r e  found situations of 
marked decreases  or increases  in the activity of the cent ra l  nervous 
sys tem which cannot be reproduced experimentally. 

From the biological point of view hibernation is a unique adaptation of 
living organisms to low environmental t empera ture .  Hibernation is a s ta te  
of prolonged, r a re ly  interrupted, deep r e s t  in animals  which during the i r  
active period of life a r e  homothermic. Hibernation is character ized by 
extremely low ra t e s  of physiologic functions such a s  respirat ion,  
circulation, and excretion, by a marked decrease  in the metabolic ra te ,  
and by a deep inhibition i n  the activity of the cent ra l  nervous sys tem.  

Hibernating animals can be easi ly  wakened by lowering or ra i s ing  the 
environmental t empera ture .  
marked increase in the activity of all  physiologic functions, including the 
activity of the cent ra l  nervous sys tem.  

Studies on the brain metabolism of hibernating animals present  
possibilities for  investigating the dynamic aspects  of nervous activity 
metabolism. 

In hibernating animals one can observe and study both s t rong  inhibition 
and s t rong  excitation of the nervous sys tem.  In view of th i s  we, at the 
Institute of Biochemistry of the Academyof Sciences of the UkrainianSSR, have 
attempted to study the brain metabolism of hibernating animals  (gophers)  
during various periods of their  l ives .  

A l l  the data  / 8 /  have shown that during hibernation the total  content of 
nitrogenous substances, a s  well as  the content of nonprotein nitrogen 
remains  unchanged. 
observed in the total content of brain phosphorus, while the amount of acid- 
soluble phosphorus decreases  somewhat. At the same  t ime,  the content 
of lipid phosphorus increases  slightly. 

of res idua l to to ta l  nitrogen during hibernation decrease  t o  a grea te r  extent 
in the gray  mat te r  of the ce reb ra l  hemispheres  than in the white mat te r  or 
in the cerebel lum. The content of orthophosphoric acid remains  unchanged 
both in  the gray  and in the white mat te r  of the ce reb ra l  hemispheres ,  but 
dec reases  in the cerebel lum. 

dec reases .  The same  is t rue  for  the phosphate content of the cerebel lum, 

Artificial awakening is accompanied by a 

During prolonged and deep s leep an increase  is 

Studies have shown / a /  that the content of res idua l  nitrogen and the ra t io  

The total  content of phosphates in the g ray  and white mat te r  of the brain 

Lecture read a t  the Fourth International Biochemical Symposium held in St. Wolfgang, Austria, in 1952. 
Appeared in "Comparative Biochemistry, " edited by D.  Richter. 1964, pp. 131-138. 
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but to  a l e s s e r  extent. The content of acid-insoluble phosphorus dec reases  
to a g rea t e r  extent in the g ray  mat te r  than in the white. Thus, during 
hibernation the content of a l l  brain phosphorus compounds decreases .  
This  is due to  the decrease  in the content of acid-insoluble phosphorus 
fract ion (phosphatides ), 

i nc reases .  It can a l so  be shown /4/ that during hibernation the r a t e  of 
bra in  t i s sue  respirat ion decreases .  Expenditure of glucose also dec reases ,  

and phospholipids in the brain of hibernating animals .  Experiments  were 
conducted on awake, hibernating, and artificially awakened gophers (four 
hours  before the experiment) .  For comparison, experiments  w e r e  a lso 
conducted on gophers during pharmacological s leep  of 24 hours '  duration. 
In a l l  these experiments  the brain and spinal cord w e r e  assayed for  the r a t e  
of incorporation of radioactive phosphorus, which was administered to the 
animals  four hours  pr ior  to sacr i f ice  (0.1 mc /kg  of body weight). 

r a t e  of incorporation of radioactive phosphorus into the RNA, 
phosphoproteins, and phospholipids of the brain and spinal  cord in awake, 
hibernating, and artificially awakened animals .  The specific activity (the 
number of radioactive disintegrations per mg of phosphorus) of the var ious 
phosphorus containing compounds in the brain and spinal cord of hibernating 
gophers was by severa l  o rde r s  of magnitude lower than that found in awake 
animals .  Thus,  during hibernation the turnover  of RNA, phosphoproteins, 
and phospholipids decreases ,  a s  compared with control animals .  

The r a t e  of incorporation of radioactive phosphorus into var ious 
components of gopher brain during sodium-medinal-induced narcotic s leep  of 
24 hours '  duration was s imi la r  to that observed during hibernation, but the 
extent of the decrease  in the r a t e  of incorporation was much less pronounced. 

Of spec ia l  in te res t  w e r e  the data obtained with ar t i f ic ia l ly  awakened 
animals .  During awakening the ra te  of radioactive phosphorus incorporation 
into nucleic acid, phosphoproteins, and phospholipids increases  but did not 
attain the r a t e  present  in awake animals .  

Thus, during the inhibition of cent ra l  nervous sys tem activity, observed 
during hibernation, there  is a decrease  in the turnover  ra te  of ribonucleic 
acid, phosphoproteins, and phospholipids. The turnover  r a t e  of these 
substances increases  in awake and ar t i f ic ia l ly  awakened animals .  

Experiments  were also conducted on the ra te  of incorporation of 
radioactive carbon into the brain glycogen of gophers. These  studies have 
shown that glycogen metabolism is a lso  lowered during hibernation. 

We have studied the r a t e  of protein turnover  in hibernating animals, 
which manifest a marked decrease  in body tempera ture  and a deep inhibition 
of cent ra l  nervous sys tem activity, in  a le r t  animals, and in artificially 
awakened animals in which a comparatively rapid rise in body tempera ture  
and an increase in physiological function is noted. Investigations w e r e  
conducted on the r a t e  of radioactive methionine incorporation into brain 
proteins  of gophers 121. Hibernating and ar t i f ic ia l ly  awakened animals  
w e r e  studied in January and March, while awake animals w e r e  studied 
in  June.  

t o  sacrifice (10,000 counts per  g ram of body weight). Methionine was 

In ar t i f ic ia l ly  awakened gophers / 7 /  the ammonia content of the brain 

We have a l so  investigated /5 /  the metabolism of RNA, phosphoproteins, 

These s tudies  have shown that considerable differences exist in the 

Radioactive methionine w a s  introduced subcutaneously 18 hours  pr ior  
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480 administered to  hibernating, awake, and 
r 440 artificially awakened gophers (to the latter 
"*o 0 immediately after awakening, caused by 

ra i s ing  the environmental t empera ture) .  
al The r a t e  of radioactive methionine 

incorporation into total  brain proteins w a s  2 310 

determined (by measurement  of protein 'E 280 

specific activity ) during hibernation, 240 

2 200 wakefulness, and after awakening. These  
2 160 studies have shown that during hibernation, 
.- c- 1?0 which can  be considered a process  of : 80 prolonged and deep inhibition of bra in  

activity, there  is a low r a t e  of methionine 40 
incorporation into brain proteins; in other 

& 360 

a 

a b C words, the r a t e  of protein turnover is 
low. In seve ra l  experiments with animals 
in a s ta te  of deep s l eep  the turnover r a t e  
w a s  practically z e r o  (F igure  24). 

Artificial awakening of the gophers 
w a s  accompanied by a s h a r p  increase  

FIGURE 24. Radioactivity of total proteinsin 
gopher brain 

a -hibernation; b-awake animals; 
c -artificially awakened 

in nervous activity; the r a t e  of protein 
turnover in the brain increased  25-fold over that of sleeping animals.  

In awake gophers the ra te  of protein turnover w a s  lower than in those 
ar t i f ic ia l ly  awakened. The specific radioactivity of brain proteins w a s  by 
seve ra l  t imes  higher than in hibernating animals,  but considerably lower 
than in those artificially awakened. 

In o rde r  to  determine whether the differences in the r a t e  of methionine 
incorporation are due to  differences in the permeabili ty of the blood brain 

b a r r i e r  during various 
functional s t a t e s ,  w e  measured 
the specific radioactivity of 
the acid soluble brain t i s sue  

1400 fraction during hibernation, 
M 1600 

a wakefulness and ar t i f ic ia l  - $ 1200 awakening. Th i s  fraction can 
,; 1000 be considered as a unique 

metabolic pool f rom which brain 
I t 800 ce l l s  obtain the building blocks 

for metabolic synthesis.  
These  deter minations showed 

600 

d M 400 that the highest radioactivity is 
,g zoo found in the acid-soluble fraction 
z of the brain of hibernating gophers 

and artificially awakened 
animals w a s  considerably lower 
(Figure 25) .  

Thus,  it may  be assumed that 
the above-mentioned differences 

a b C The metabolic pool of awake 
FIGURE 25. Radioactivity of the acid soluble fraction in 
gopher brain tissue 

a -hibernation; b -awake gophers; c - artificially 
awakened 

in the rate of protein metabolism are due t o  the different r a t e s  in protein 
metabolism and not to changes in the permeabili ty of the blood bra in  barrier. 
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It is known that during ar t i f ic ia l  hypothermia there  is a considerable 
decrease  in the ra te  of protein metabolism in var ious t i s sues ,  including 
bra in .  In our Institute w e  have shown 131  that hypothermia in  rabbi ts  
r e su l t s  in a decrease  in the r a t e  of methionine incorporation into brain 
proteins ,  especial ly  into proteins of the g ray  mat te r  of the ce reb ra l  
hemispheres .  

constituents, w e  studied the effect of hibernation on protein synthesis  in  
var ious  subcellular f ract ions of brain t i s sue .  We determined the r a t e  of 
incorporation of radioactive methionine into the proteins of nuclei, heavy 

In view of the recent  interest  in the biochemistry of subcel lular  

and light mitochondria, 

e: 2 700 
E 
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E 300 

.d 
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C 
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FIGURE 26 .  Radioactivity of proteins from subcellular 
fractions of gopher brain 

a -nuclei; b -heavy mitochondria; c --light mitochondria: 
d -microsomes; e -soluble cytoplasmic fraction. 
1 -hibernation: 2 -awake animal; 3 -artificially awakened 
animals. 

microsomes ,  and the soluble 
cytoplasmic fraction i n  
hibernating, awake, and 
ar t i f ic ia l ly  awakened gophers .  
The subcel lular  f ract ions w e r e  
obtained by differential 
centrifugation. In these 
experiments  awake animals  
w e r e  studied during September- 
October. 

The lower specific activity 
of all subcellular f ract ions 
studied w a s  found in hibernating 
animals .  It was twice a s  high 
in ar t i f ic ia l ly  awakened animals ,  
and higher by seve ra l  o r d e r s  
in awake animals .  Within each 
group of animals (hibernating, 
awake, and artificially 
awakened) the r a t e  of methionine 
incorporation into proteins of 

the var ious subcellular fractions differed. The highest r a t e  of incorporation 
was found in microsomal  proteins and in the soluble cytoplasmic fract ions.  
It was somewhat lower in the nuclear proteins and s t i l l  lower in 
mitochondrial proteins, especially those of the heavy mitochondria 
(Figure 2 6 ) .  

the highest radioactivity is found in hibernating gophers. 

awake, and artificially awakened animals .  These  differences a r e  found not 
only in  total  brain proteins but a lso in var ious subcellular f ract ions.  The 
lowest r a t e  of protein turnover, both of total  protein and of var ious 
subcel lular  fractions, is found in  hibernating animals .  It is considerably 
higher in awake animals, and even higher in those artificially awakened. 
These  s tudies  have also shown that the rate of protein turnover  differs  in 
the var ious subcellular f ract ions.  In a l l  the  functional s ta tes  studied 
(hibernation, wakefulness, and ar t i f ic ia l  awakening) the highest r a t e  of 
protein turnover  was found in the microsomes;  the ra te  of nuclear  protein 
turnover  was lower, while the lowest r a t e  was found in mitochondrial 
proteins .  Of great  interest  is the high r a t e  of protein metabolism in the 

Determinations of radioactivity in the acid-soluble fraction showed that 

Thus  there  a re  different r a t e s  of brain protein metabolism in hibernating, 
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bra in  and i t s  subcellular f ract ions in  ar t i f ic ia l ly  awakened gophers a s  
compared with awake animals. 

during inhibition, and more  so during excitation of the cent ra l  nervous 
sys tem in var ious animals .  Various invest igators  obtained contradictory 
r e su l t s  in studying protein metabol ism during excitation and inhibition of the 
cent ra l  nervous sys tem induced by var ious pharmacological drugs and other  
nonphysiologic agents, such as e lec t r ica l  stimulation. 

Studies on hibernating animals  enabled us to elucidate the effect of the 
main  physiological s ta tes  of the cent ra l  nervous sys tem - excitation and 
inhibition - on the metabolism of various brain substances, and 
par t icular ly  of proteins, phosphoproteins, nucleic acids, phospholipids, 
and glycogen. 

Difficulties w e r e  encountered in determining the r a t e  of protein turnover  
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LOCALIZATION OF SOME ENZYMES IN SUBCELLULAR 
FRACTIONS OF THE BRAIN AND IN VARIOUS PROTEIN 
FRACTIONS OBTAINED B Y  ELECTROPHORESIS* 

Itecent biochemical and physiological investigations have been concerned 
with the subcellular components of various t i s sues .  Studies on the functional 
biochemistry of ce l l s  play s n  increasing role  in the development of various 
biological sciences . 

Since all  metabolic processes  a re  directed and controlled by enzymes,  
enzymatic studies f rom various approaches a r e  of main importance i n  the 
field of biochemistry.  The coordinated activity of various enzyme sys t ems  
cannot be understood without a knowledge of the subcellular distribution and 
localization of the enzymes.  

In view of this,  o u r  main concern has  been the study of the distribution 
o f  enzymes in the different subcellular components of brain t issue.  In the 
present  communication I would like to present the r e su l t s  of o u r  studies 
on the distribution of s eve ra l  enzymes involved in nitrogen, carbohydrate,  
and phosphorus metabolism i n  subcellular brain components. These studies 
were conducted at the Institute of Biochemistry of the Academy of Sciences 
of the Ukrainian SSR. The distribution of the following enzymes w a s  studied: 
proteinase,  glutaminase, adenosine deaminase,  adenylic acid deaminase,  
guanase, pyrophosphatase, adenosinetriphosphatase, phosphoglucomutase, 
and aldolase.  We have investigated the localization of these enzymes i n  
nuclei, mitochondria, microsomes,  and the soluble cytoplasmic fraction 
of brain t issue.  

subcellular fractions w e r e  isolated by differential centrifugation according 
to  the modified method of Rrodie and Bain. 

and per  total  protein content. The protein content of all subcellular fractions 
was determined. These determinations showed again that the highest protein 
content is found in the mitochondrial fraction. 

t o  investigate protease activity in  various sections of the cen t r a l  nervous 
sys t em of catt le and rabbi ts  1 5 1 .  The highest proteolytic activity w a s  found 
in  the g ray  matter  of the ce reb ra l  hemispheres  and the cerebellum - t h e  
two functionally most complex sections.  It was lower in the white ma t t e r ,  
and lowest in the spinal cord.  

W e  next studied protease distribution in various subcellular fractions 
of nerve t issue.  These studies showed / 5 /  that the highest protease activity 
is found in the mitochondrial fraction. It is considerably lower i n  

Adult rabbit brains were used for  the experiments .  The various 

Enzymatic activity in a given fraction w a s  calculated pe r  mg of protein 

Since brain protease has not been studied extensively, we f i r s t  decided 

' Revised lecture read at thc llungarian Academy of Sciences. 1961. "Acta I'liysiologica Academiae 
Scientiarum Hungaricae", Vol. X X I .  1Yfr2, p .  106- 111, and a t  rhe Fifth International Biochemical Congress, 
August 1961. Moscow. 
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microsomes .  In mitochondria protease activity is three t imes  higher than 
in the microsomes .  In the nuclear fraction it i s  somewhat lower than in the 
microsomes .  The lowest protease activity is found in the soluble 
cytoplasmic fraction, being one-seventh to one-eighth that of the 
mitochondrial fraction (Figure 2 7 ) .  

subcellular fractions, we determined the total protein content of each 
fraction studied. It was found that the mitochondrial and soluble f ract ions 
have the highest protein content. The protein content of nuclei is one- 
third a s  high and that of the microsomal  fraction, one-seventh. 

To obtain an idea on the total content of enzymes in the various 

FIGURE 27. Protease activity 
in subcellular fractions of the 
brain 

1 -nuclei; 2 -mitochondria; 
3 -microsomes: 4 -soluble 
fraction 

FIGURE 28. Glutarcinase 
activity in various subcellular 
fractions of the brain 

1 -nuclei; 2 - mitochondria: 
3 - microsomes; 4 -soluble 
fraction 

Based upon the activity of protease in the various subcellular f ract ions 
and upon the total protein content, we calculated the enzyme content of 
each  fraction in percent of total  protease activity. The resul t  showed that 
the mitochondria contain 80 70 of total protease activity. The remaining 
protease activity is distributed among the soluble fraction (about 1 0  yo), 
nuclei (4 YO), and microsomes  (about 3 70). 

found that the glutaminase of the cent ra l  nervous sys tem is localized mainly 
in  the gray  mat te r  of the ce reb ra l  hemispheres  (about 6 0 %  of total  
glutaminase activity). About 3 5 %  of total  glutaminase activity was found in 
the cerebel lum, and only about 8% was found in the white mat te r  of the 
ce reb ra l  hemispheres .  

Studies on glutaminase activity in var ious subcellular f ract ions have 
shown that the highest glutaminase activity is found in the mitochondria, 
followed by the microsomes .  The nuclear and soluble f ract ions have the 
lowest glutaminase activity (see Figure 28) .  

of total  glutaminase activity. 
i n  the mitochondria (about 9070). The soluble fraction contained 870, and 
nuclei, 3.5 70 of the total  glutaminase activity. Glutaminase activity in the 
microsomes  was negligible. 

Glutaminase acitivity was studied in cattle and rabbit b ra ins  141.  It was 

The glutaminase content w a s  calculated in each of the fract ions a s  percent 
Glutaminase was found t o  be localized mainly 
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Thus,  glutaminase and protease a re  localized mainly in the mitochondrial 
f ract ion.  

Studies on the distribution of adenosine deaminase gave different r e su l t s .  
171. It was shown that the white mat te r  of the c e r e b r a l  hemispheres  had 
the highest adenosine deaminase activity. Gray mat te r  activity was one 
th i rd  as high, and that of the cerebel lum and spinal  cord  even lower. The 
lowest adenosine deaminase activity w a s  fdund in the sc ia t ic  nerve.  

Studies on adenosine deaminase activity in var ious subcellular f ract ions 
showed that the soluble fraction had the highest enzymatic activity. Nuclei, 
mitochondria, and microsomes a l l  displayed s imi l a r  enzymatic activity, 
which was about one-twentieth that of the soluble cytoplasmic fract icn 
(F igure  29).  Thus,  about 9 0 %  of the total  adenosine deaminase activity is 
localized in the soluble fraction. The distribution of guanine deaminase 
is s imi l a r  to  that of adenosine deaminase.  

of adenylic acid in the brain is catalyzed by two enzymes:  one catalyzes  
the dephosphorylation of adenylic acid to  adenosine (5'-nucleotidase), the 
o ther  catalyzes  the deamination of adenosine (adenosine deaminase) .  In a l l  
subcel lular  f ract ions 5'-nucleotidase is present .  Microsomes show the 
highest nucleotidase activity; it is also quite high in  nuclei and mitochondria. 
Nucleotidase activity is low in the cytoplasmic fraction (Figure 30). 

the deamination of adenylic acid in the white mat te r  of the ce reb ra l  
hemispheres ,  in the cerebel lum, and in the spinal  cord.  The gray  mat te r  
of ce reb ra l  hemispheres  contains, in addition, adenylic acid deaminase, 
which catalyzes  the direct  deamination of adenylic acid without prel iminary 
dephosphorylation. 

Studies on adenylic acid deaminase have shown 171 that the deamination 

The two enzymes, 5'-nucleotidase and adenosine deaminase catalyze 
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FIGURE 29. Adenosine 
deaminase activity in 
subcellular fractions of the 
bra in 

1 -nuclei; 2 -mitrochondria; 
3 --microsomes; 4 -soluble 
fraction 

FIGURE 30. 5'- nucleotidase 
activity in various subcellular 
fractions of the brain ( in  
micrograms of phosphorus per 
mg protein) 

1 -nuclei; 2 -mitochondria; 
3 -microsomes; 4 -soluble 
fraction 



Guanase activity is higher in the brain than in other t i s sues .  Studies 
on guanase activity i n  functionally different brain sect ions / 9 /  have shown 
that the gray  mat te r  of the ce reb ra l  hemispheres  has  the highest guanase 
activity. 
hemispheres  and lowest in the cerebellum (one-half a s  high a s  in the gray  
mat te r  of the ce reb ra l  hemispheres) .  Thus the distribution of guanase in 
the various brain sect ions differs f rom that of adenosine deaminase.  

Studies on the distribution of guanase in the subcellular brain fract ions 
have shown that the soluble fraction has the highest guanase activity. 
Guanase activity in mitochondria is one-tenth that of the soluble f ract ion,  
and even lower i n  the microsomes  and nuclei (see Figure 31). 

Calculations showed that about 90 70 of guanase activity is localized in 
the soluble cytoplasmic fraction; 7 70 of the total  activity is found in the 
mitochondria, about 57% in the microsomes ,  and 0.1 % i n  the nuclei. 

The highest pyrophosphatase activity was found in the gray  mat te r  of 
the ce reb ra l  hemispheres  and in the cerebel lum. The lowest activity was 
found in the sciat ic  nerve .  Intermediate values were obtained in the mid- 
brain,  medulla oblongata, spinal cord, and the white mat te r  of the ce reb ra l  
hemispheres  I l l / .  

subcellular fractions we isolated the nuclei, mitochondria, microsomes ,  
and the soluble cytoplasmic fraction from the gray  and white m a t t e r  of 
the cerebra l  hemispheres ,  cerebel lum, midbrain, medulla oblongata, 
spinal cord,  and sciat ic  nerve and determined pyrophosphatase activity 
in these fract ions.  

Guanase activity is lower in the white mat ter  of the ce reb ra l  

In o rde r  to  study the distribution of pyrophosphatase in various 
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FIGURE 31. Guanase activity 
in various subcellular fractions 
of the brain ( i n  micrograms of 
ammonia nitrogen per mg 
protein) 

1 -nuclei; 2 -mitochondria; 
3 - microsomes; 4 -soluble 
fraction 
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FIGURE 32. Pyrophosphatase 
activity in various subcellular 
fractions of the brain ( in  
micrograms of phosphorus per 
mg protein) 

1 -nuclei; 2 - mitochondria: 
3 -microsomes; 4 -soluble 
fraction 

Comparative s tudies  on pyrophosphatase activity in var ious subcellular 
fractions from various sect ions of the nervous sys tem have shown that 
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the  cytoplasmic fract ions obtained f rom the brain hemispheres ,  cerebellum, 
and midbrain, have the highest pyrophosphatase activity. The lowest 
activity w a s  found in the sciat ic  nerve.  Intermediate activity values w e r e  
found in  the cytoplasmic fraction f rom the medulla oblongata and sp ina lcord .  

Calculations showed that the soluble cytoplasmic fraction f rom various 
sect ions of the nervous sys tem contains about 9 0 %  of the total 
pyrophosphatase activity. Pyrophosphatase activity is very  low in particulate 
f ract ions:  in the mitochondria it is about 4-870’0; in microsomes ,  0.5-1.50/0; 
and in the nuclei, l e s s  than 0 .5%.  

subcel lular  f ract ions of nerve t issue showed that the highest activity was 
found in  the microsomes  (Figure 33). These data contradicted those 
obtained by Aboad and Chekh. The reason  for  the contradiction was that 
w e  prepared our homogenates in sucrose  solution containing calcium 
chloride ions, which activate adenosinetriphosphatase, especially in the 
mic ros  om a1 fraction. 

Our f i r s t  studies 1 2 1  on adenosinetriphosphatase activity in the 

FIGURE 33. Adenosinetriphos- 
phatase activity in various 
subcellular fractions of the brain 
( in  sucrose solution containing 
calcium ions) 

1 -nuclei; 2 -mitochondria; 
3 -microsomes; 4 -soluble 
fraction 

1 2 3 4 

FIGURE 34. Adenosinetriphosphatase activity 
in subcellular fractions of the brain in the 
presence and absence of calcium and magnesium 
ions 

1 -nuclei; 2 -mitochondria: 3 -microsomes; 
4 -soluble fraction 

In subsequent experiments  w e  used suc rose  solutions without calcium. 
Under these conditions the highest adenosinetriphosphatase activity w a s  
found in the mitochondria. It was considerably lower in the nuclei and 
microsomes ,  and even lower in the cytoplasmic fraction (Figure 34). 
Studies on the effect of calcium and magnesium ions on adenosinetriphosphatase 
activity have shown that various subcellular fractions contain 
adenosinetriphosphatase with different propert ies  (Figure 34). 

The highest phosphoglucomutase activity w a s  found in the gray  mat te r  
of  the ce reb ra l  hemispheres ,  and the  lowest was found ir, the white mat te r  
(the cerebel lum had intermediate values) / l o / .  Phosphoglucomutase was 
a l so  found in  the soluble cytoplasmic fraction. The soluble cytoplasmic 
fract ion had the highest specific acitivity of phosphoglucomutase. Activity 
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was low in the particulate f ract ions (Figure 35). Thus, about 9 0 %  of the 
total  phosphoglucomutase activity was found in the soluble cytoplasmic 
fraction, and only 10% in the remaining subcellular f ract ions.  

FIGURE 35. Phospho- 
glucomutase activity in 
subcellular brain fractions 

1 -niiclei; 2 - ~nitochondria;  
3 - niicroromes; 4 -soliiblc 
fraction 

FIGLIIE 36. Aldolase activity 
in subcellular brain fractions 

[in micrograms of phosphorus 
per nig prote in): 

1 -1iiiclei; 3 - ~iiirocliondria; 
3 - niicroioliies; 4 --oli ihle 
fraction 

The highest aldolase activity was found in the gray  mat te r  of the ce reb ra l  
hemispheres  and in the cerebel lum. Aldolase activity was much lower in 
white mat ter  of the ce reb ra l  hemispheres  and in the medulla oblongata. 
The distribution of aldolase among the various subcellular brain fractions 
is s imi la r  to that of phosphoglucomutase. 
the highest specific aldolase activity was found in the soluble fraction. 
Aldolase activity was considerably lower in cel lular  components such a s  
nuclei, microsomes ,  and mitochondria (Figure 3 6 ) .  About 8 0 %  of the total 
aldolase activity was found in the soluble cytoplasmic fraction, 13 Tn in the 
mitochondria, about 3 %  in the microsomes,  and about 2 %  in the nuclei. 

in different subcellular brain components. Pro tease ,  glutaminase, 
5'-nucleotidase, and adenosinetriphosphatase a r e  localized in the particulate 
f ract ions,  mainly in the mitochondria (the highest activity of 5'-nucleotidase 
was found i n  the microsomes) .  Adenosine deaminase, guanase, 
pyrophosphatase, as  well a s  the glycolytic enzymes,  phosphoglucomutase 
and aldolase, a r e  localized mainly in the soluble fraction of the cytoplasm. 

Having succeeded in separat ing the soluble brain proteins, by means  of 
agar -ge l  e lectrophoresis ,  into 12-16 fractions / 6 / ,  we attempted to study 
the localization of some of the brain enzymes in these fract ions.  

Since only soluble proteins may be studied by electrophoresis ,  this  
method was useful only for the study of proteins f rom the soluble 
cytoplasmic fraction, or of loosely bound proteins which could be eas i ly  
extracted and solubilized. Because of this, the following enzymes could 
be studied by this method: adenosine deaminase, guanine deaminase,  
aldolase, and phosphoglucomutase, all  of which a re  localized in the soluble 
cytoplasmic fraction. 
readi ly  extractable  f rom mitoc\ondria with distilled water. 

Among the subcellular f ract ions,  

These studies have shown that different distributions of enzymes exist 

We also study the distribution of protease, which is 



Cattle brains  w e r e  used in these experiments .  Agar-gel  e lectrophoresis  
was ca r r i ed  out on two glass  plates which were  immersed  in agar  solution. 
Troughs on both plates contained solutions of lyophilized brain protein. 
After e lectrophoresis  the proteins in the narrow plate were fixed with 
acetic acid, dried, and stained with "amido black 10B. " In this  waywe w e r e  
able t o  obtain chromatograms of soluble brain proteins .  

The agar-gel  in the broad plate was cut into 1-cm wide s t r ips ;  17  s t r i p s  
w e r e  obtained in all .  These s t r ip s  were t r ans fe r r ed  into tes t  tubes, f rozen 
in  d r y  ice,  and thawed. The liquid which separated during this  procedure 
was filtered off. The fi l trate was used for  determinations of protein 
concentration and enzymatic activity. 

guanase (guanine deaminase), aldolase, and phosphoglucomutase in all  
17 s t r ip s .  It can be seen from Table 10 that the enzymes studied a r e  
present  in different s t r ip s .  Pro tease  and phosphoglucomutase a r e  located 
in the s t r i p s  to the left f rom the si te of application; that i s ,  c loser  to  the 
cathode. Adenosine deaminase and aldolase a r e  found in s t r ip s  to  the right 
of the s i te  of application; that i s ,  c loser  to the anode. Guanase is located 
almost  at the s i te  of application, in the 7th and 6th s t r ip s .  

Figure 37 shows a chromatogram present ing the localization of var ious 
enzymes found in different s t r ip s ,  as  tabulated in Table  10. 

Table  10 shows the specific activity of protease,  adenosine deaminase, 

TABLE 10. Distribution of enzymes during electrophoresis on agar gel 

No. of strip 

1 
2 
3 
4 
5 
6 
I* 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

protease, in 
mg of tyrosine 

Per mg 
protein 

- 

0 
0 
0 
0 
0 
24.1 
121.6 
337.0 
828.0 
1426.0 
1583.0 
206.0 

0 
0 
0 
0 
0 

adenosine 
ieaminase. in mg 

of ammonia 
nitrogen per mg  

protein 

0 
0 
0 

66.6 
113.5 
16.7 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

~ 

Enzymatic activity 

p a n a s e ,  in mg  
of ammonia 
nitrogen per 
mg protein 

0 
0 
0 
0 
8.2 

23.1 
26.9 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

aldolase, in mg  
of phosphotriose 
per mg protein 

0 
0 

100.0 
761.1 
2030.4 
453.7 
0 
0 
0 
0 
0 
0 
0 
0 
3 
0 
0 

phosphoglucomutase, 
in mg  of phosphorus 

per mg protein 

0 
0 
0 
0 
0 
0 
0 
0 
0 

161.2 
908.8 
472.7 

0 
0 
0 
0 
0 

Site of application. 
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It can be seen  from the figure that aldolase and adenosine deaminase 
a r e  located mainly in the fourth protein fraction. Guanase is present  in 
proteins  which w e r e  not w e l l  separated during electrophoresis  and were 
therefore  found at the s i te  of application. Pro tease  i s  found in the 8th. 
9th and 10th fract ions.  Phosphoglucomutase is located mainly i n  the 10th 
protein fraction. It has also been detected in the 9th fraction. 

Thus, aldolase and adenosine deaminase show the highest e lectrophoret ic  
mobility. Phosphoglucomutase shows the lowest e lectrophoret ic  mobility; 
protease moves close to  phosphoglucomutase. 
e lectrophoret ic  mobility. It can be seen  that var ious enzymes have different 
e lectrophoret ic  mobilities, which enabled us  to separa te  them by agar -ge l  
e lectrophoresis .  

Guanase has an intermediate  

phosphoglucomutase adenosine deaminase 

FIGURE 31.  Localization of enzymes in protein fractions 
ob.ained by electrophoresis 
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BRAIN BIOCHEMISTRY AND PSYCHOCHEMISTRY* 

One of the most important problems in the biochemistry of the nervous 
sys tem is the elucidation of the metabolic processes  underlying the 
functional activity of the higher sect ions of the cent ra l  nervous sys tem 
which a r e  involved in  psychic activity. 

higher brain sections, and par t icular ly  with the ce reb ra l  cor tex.  The 
relationship between the metabolic processes  of the cortex and i t s  functional 
activity have not been closely investigated and remains ,  for  the most par t ,  
obscure.  Without a prec ise  knowledge of cor t ica l  metabolism w e  cannot 
understand the problems of psychochemistry, whose ultimate goal is to 
elucidate the relationship between the manifestations of psychic life and the 
var ious biochemical processes  taking place in the brain.  

I had already spoken on th i s  topic in 1922  / 1 /  and discussed the data  
available at that t ime on the dynamic and functional biochemistry of the 
brain.  At that t ime I had already mentioned that there  w e r e  indications of 
a cer ta in  correlat ion between the chemical processes  of the cortex and i t s  
functional activity, and par t icular ly  i t s  psychic activity. These  data w e r e  
the f i r s t  in the field of psychochemistry. 

indicate that the c e r e b r a l  cor tex is r icher  in proteins than any other section, 
including the gray  mat te r  of the subcort ical  ganglia. This  indicates that 
proteins have an important function in the psychic activity of the c e r e b r a l  
cor tex.  

that the ra te  of protein turnover  in the ce reb ra l  cor tex is one of the 
highest 12, 3 1 .  

high ra te  of turnover  141.  Also charac te r i s t ic  of the cortex i s  a very  high 
glycogen content and an ex t remely  active carbohydrate metabolism 1 5 ,  6 1 .  

than in other bra in  sect ions.  In rabbi ts ,  the ce reb ra l  cor tex is at a 
considerably lower level  of functional development and, therefore ,  i t s  ra te  
of phospholipid metabolism is not higher than in other  brain sect ions 141. 

Another approach to  the investigation of brain chemical  processes  is the 
study of enzyme activity. Our studies / 7 /  have shown that the cortex 
possesses  the highest activity of enzymes involved in carbohydrate and 
nitrogen metabolism (phosphorylase, hexokinase, aldolase, glutaminase, 
and adenosinetriphosphatase), a s  w e l l  a s  in oxidation-reduction react ions 
(chol inesterase,  cytochrome oxidase, and succinic acid dehydrogenase 1 8 1 ) .  

There  is no doubt that psychic activity is closely associated with the 

The available data  on the chemical  composition of var ious brain sect ions 

Our s tudies  and those of other Soviet and foreign biochemists have shown 

The ce reb ra l  cor tex is very  r ich  in ribonucleic acids, which have a very  

In the ce reb ra l  cor tex of dogs, the turnover ra te  of phospholipids is higher 

Lecture read at the First Congress of the Ukrainian Biochemical Society, held on June 11, 1965, in 
Chemovtsy. 
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Thus, the cortex is character ized by a high content of proteins and 
nucleic acids, a high ra te  of protein, nucleic acid, and carbohydrate 
metabolism, and high enzymatic activity. 

have concluded that proteins  play an important ro le  in cor t ical  function. 

aminogenesis, in the brain under var ious conditions of increased nervous 
center  activity (heat, faradization, strychnine, and cocaine), or decreased  
activity (low temperature ,  chloroform, chloral  hydrate, morphine, and 
e the r ) .  He found that increased activity of the cor t ica l  cen ters  is 
accompanied by aminogenesis, o r  enhanced proteolysis .  A decrease  in  
cor t ica l  activity was always accompanied by decreased  aminogenesis. 
These  data led him to conclude that the activity of the cort ical  cen te r s  is 
associated with protein metabolism. 

Gorodisskaya / 10/ studied proteolysis in the optical cen ters  of the 
ce reb ra l  cor tex of ca ts .  She found that upon the t ransi t ion of the optical 
cen te r s  f rom relat ive r e s t  to enhanced activity there  is an increase  in 
protein metabolism. 

sys tem is to  determine the biochemical processes  underlying the var ious 
psychic s t a t e s  in man, to be able to control  them in cases  of psychic 
d i so rde r s .  According to  Pavlov, th i s  will become possible only when we 
under s t  and the chemic a1 processes  under lying ce reb ra l  function. 

T o  this  end comprehensive biochemical s tudies  of the brain a r e  needed. 
The metabolism of a l l  compounds present  i n  the brain should be investigated, 
in o rde r  to understand brain function and the relation between metabolic 
processes  and higher nervous activity. Since the main functional s t a t e s  of 
the nervous sys tem a re  excitation and inhibition, the cent ra l  problem in 
the biochemistry of the nervous sys tem is brain metabolism during 
excitation and inhibition of higher nervous activity. 

We have studied cer ta in  aspects  of brain metabolism in animals with 
experimentally produced inhibition o r  excitation of higher nervous activity. 
Inhibition was elicited with var ious pharmacological drugs.  Depending 
upon the nature of the drug and the duration of i t s  administration w e  w e r e  
able t o  obtain var ious degrees  of inhibition, f rom s leep  to  deep narcos is .  

that during inhibition of nervous activity (during narcotic s leep)  the turnover  
r a t e  of ribonucleic acid, phosphoproteins, phospholipids, and glycogen 
dec reases .  At the same time the content of ATP and glycogen inc reases .  
During deeper  inhibition the ra te  of protein turnover  decreases .  

Investigations have shown that during s leep  synthesis  prevai ls  over  
decomposition, facilitating the res tora t ion  of brain activity (protective 
inhibition). 

a s  a stimulant of higher nervous activity, and with cardiazol .  It had been 
shown that these s t imulants  differ in the i r  effect on brain metabolism due to  
the i r  different physiological activity. Excitation elicited with pervitin 
r e su l t s  in rapid synthesis of ATP in the brain.  This ,  apparently, is because 
pervitin s t imulates  the cent ra l  nervous system, increasing the period of 
a le r tness  and eliminating t i redness .  Cardiazol  s t imulates  the c e r e b r a l  
cor tex but, unlike pervitin, does not increase  the working capacity of the 
bra in .  

Many scient is ts  who studied the effect of var ious fac tors  in brain activity 

Soula / 9 / ,  as ea r ly  a s  1913, studied proteolysis, o r  a s  he called it 

One of the main problems in the a r e a  of the biochemistry of the nervous 

Our data and those obtained by numerous other scient is ts  have shown 

Excitation w a s  elicited with pervitin, widely used in medical  pract ice  
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These  w e r e  the f i r s t  data which explained the different physiological 

Our experiments ,  a s  w e l l  a s  those of other sc ien t i s t s  1 2 2 1  who studied 
effects of different stimulating drugs.  

brain metabolism during excitation of the nervous system, have shown that 
during excitation the content of brain glycogen decreases ,  the r a t e  of 
glycolysis increases ,  and the turnover ra te  of nucleic acids, proteins, 
phosphoproteins, and phospholipids a lso increases .  

brain metabolism and revealed the biochemical bas i s  for  the physiological 
effects of the different drugs.  These studies belong to  the field of 
neurochemistry,  whose ultimate concern is the control  of biochemical 
processes  during psychic d isorders .  

psychopharmacology, a branch of biochemical pharmacology, whose ultimate 
a im is to control  the biochemical processes  underlying the var ious psychic 
s ta tes  in man by means of pharmacological drugs.  

interested in cer ta in  monoamines present  in nerve t issue,  such a s  serotonin 
and the catecholamines (adrenaline, noradrenaline, and dopamine). 

Catecholamines play a unique role  in neurohumoral  regulation and in 
nervous sys tem function. They a re  frequently r e fe r r ed  to a s  hormones-  
media tors .  Adrenaline is a hormone, whereas  noradrenaline is a mediator .  
Dopamine is a p recu r so r  of noradrenaline and adrenaline and, according 
to var ious scient is ts ,  plays an important ro le  in the activity of the cent ra l  
nervous sys t em.  It is now believed that serotonin and the catecholamines 
a r e  c losely associated with the functional s ta tes  of the nervous sys tem,  
and that dis turbances in monoamine metabolism may play an essent ia l  ro le  
in the development of nervous and psychic d i so rde r s .  

or psyche resu l t  f rom genetic defects in the biosynthesis of cer ta in  enzymes.  
In par t icular ,  it is known that psychic dis turbances may be caused by a 
defect in the biosynthesis of an enzyme involved in alanine metabolism in 
the brain.  

Psychia t r i s t s  consider  that changes in catecholamine metabolism play 
an important ro le  in the pathochemical character izat ion of dis turbances 
in motor react ions and muscle  tonus during Parkinsonism and in 
dis turbances in the emotional sphere  during schizophrenia. 

select ively inhibit those enzymes involved in the metabolism of 
physiologically active amines (monoamines and acetylcholine ). 

The monoamines of the nervous sys tem a re  decomposed by 
monoamineoxidase. Psychopharmacological or neurotrophic drugs which 
inhibit monoamineoxidase also inhibit the decomposition of monoamines 
in  the brain.  These substances a r e  among the most important modern 
psychopharmachological drugs.  

Monoamineoxidase inhibitors are neutropic drugs  of the antidepressant 
type; they a r e  used for the t reatment  of depress ive  s ta tes .  They activate 
higher nervous activity, increase  motor  activity, and improve the genera l  
well-being. They a r e  antagonists of neuroplegic preparat ions,  such as 
re se rp ine .  

The above s tudies  touched upon the effect of pharmacological drugs on 

This  is the concern not only of neurochemistry but a lso of 

Neurochemists and psychopharmacologists have recent ly  be come 

Many severe  and frequently encountered d isorders  of the nervous sys tem 

Numerous psychopharmacological drugs used against psychoses 
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The use  of monoamineoxidase inhibitors against various psychic 
d i so rde r s  is one example of the utilization of biochemical knowledge by 
biochemic a1 parmacology . 
can  be affected by the use of pharmacological drugs .  

o r  iproniazid, which has  been used in psychiatry s ince 1953 for  the 
t rea tment  of depressive s ta tes .  

Iprazid prevents the decomposition of serotonin and noradrenaline, thus 
causing the accumulation of these amines in the brain.  The content of 
serotonin increases  much more  rapidly than that of noradrenal ine.  

and on serotonin and catecholamine metabolism 1121. Little is known 
about the effect of iprazid on other  aspec ts  of brain metabol ism.  This  
problem should be studied systematical ly  since the effect of iprazid cannot 
be explained solely by i t s  inhibitory action on monoamineoxidase.. 

We have conducted seve ra l  investigations i n  th i s  direction; w e  have 
studied the effect of iprazid on nitrogen and carbohydrate metabolism on 
the content of monoamines, and on the activity of monoamineoxidase in the 
brain.  These  s tudies  should also be helpful in understanding the ro le  of 
serotonin and the catecholamines in the organism.  W e  have a l so  studied 
the effect of serotonin on cer ta in  aspects  of brain metabol ism.  

Laboratory of the Biochemistry of the Nervous System at the Institute of 
Biochemistry of the Academy of Sciences of the Ukrainian SSR, which 
includes the following people: E.  E .  Goncharova, Ya. T .  Terletskaya,  
V.  I .  Kocherga, M .  D. Kurskii, E .  P. Gotovtseva, L. S. Smerchinskaya, 
A .  A .  Musyalkovskaya, A.  N .  Fedorov, 0. N .  Zryakov, and the head of the 
Laboratory of Biochemical Pharmacology, Professor  S. E .  Baluev. 

In o rde r  to  elucidate the effect of iprazid on brain nitrogen metabolism 
w e  investigated i t s  effect (in rabbit brain)  on the nitrogen content of 
ammonia; on the content and metabolism of the amide groups of glutamine 
and of proteins; and on the activity of gluraminase, glutamine synthetase, 
and monoamineoxidase. 

These s tudies  have shown 1131  that the administration of iprazid to  
rabbi ts  (subcutaneous injection) r e su l t s  in an increase  i n  the serotonin 
content and a decrease  i n  the glutamine content. The decrease  in glutamine 
content is apparently not due to changes in the r a t e  of synthesis  o r  utilization 
of glutamine, since there  were no changes in the activity of glutamine 
synthetase o r  of glutaminase. 

It has  been shown that the administration of glutamic acid to  rabbi ts  
given iprazid can r e s to re  brain glutamine content to  normal .  Hence, it has  
been advised that for  the t reatment  of depressive s t a t e s  iprazid should be 
adminis tered together with glutamic acid, so a s  to avoid a decrease  in 
glutamine content. 

Iprazid has  no effect on the nitrogen content of ammonia and on the 
amide nitrogen content of proteins. 

To  study the turnover of brain nitrogen fract ions w e  adminis tered 
N15-ammonium chloride to  rabbi ts  and measured  i t s  ra te  of incorporation into 
these fract ions.  It was found that iprazid has  no effect on the content of 
ammonia or of amide groups in proteins ,  but that the turnover  r a t e  of these 
substances increases .  

Re actions catalyzed by monoamineoxidase 

The  chief representat ive of monoamineoxidase inhibitors is iprazid,  

Studies have been conducted on the effect of iprazid on monoamineoxidase 

These investigations were conducted by the scientific staff of the 
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It should be mentioned that the decreased r a t e  of N15 incorporation into 
the amide groups of glutamine was observed under conditions when the 
concentration of N16 in the metabolic pool was low, which apparently 
accounts for our r e su l t s .  It must be concluded that iprazid has  no effect 
on glutamine metabolism. 

sys tem.  Iprazid s t imulates  the incorporation of ammonia into proteins, 
which may be deduced f rom the high turnover r a t e  of labile amide protein 
groups in  the brain and from the lowered concentration of N15 in ammonia. 

The majori ty  of workers  explained the effect of iprazid on brain 
metabol ism and on the functional s ta te  of the brain by the inhibition of 
monoamineoxidase, which r e su l t s  in the accumulation of serotonin. To 
ascer ta in  whether the accumulation of serotonin affects brain nitrogen 
metabolism, w e  studied the effect of serotonin on brain metabol ism.  Rabbits 
w e r e  injected with serotonin intracranial ly  so  a s  to  bypass the 
hematoencephalic b a r r i e r .  The resu l t s  showed that serotonin has  no effect 
on brain nitrogen metabolism. 

upon the administration of serotonin is due to  the destruction of serotonin 
by monoamineoxidase. To  tes t  this  w e  adminis tered serotonin by 
monoamineoxidase. T o  tes t  this we administered serotonin to  animals  in 
which monoamineoxidase activity was inhibited by iprazid.  Here,  too, 
no changes in nitrogen metabolism were observed.  

According to  the available data the inhibition of monoamineoxidase in  
rabbi ts  is accompanied by an accumulation of serotonin and noradrenaline. 
In ca t s  and dogs only the serotonin content increases ,  while that of 
nor adrenaline r ema ins  unchanged. 

In th i s  connection, w e  investigated the effect of serotonin on brain 
nitrogen metabolism in cats ,  and found no observable changes. Thus,  if  
the  effect of iprazid depends upon changes in monoamine content due to the 
inhibition of monoamineoxidase, it may be concluded that it is the 
concentration of noradrenaline which increases ,  and not of serotonin.  

A s  has  been mentioned before, iprazid br ings about different 
accumulations of the different monoamines. Serotonin content increases  
to  a l a rge r  extent than that of the catecholamines. More important is the 
fact that serotonin accumulates at a fas te r  ra te ,  a s  may be seen  f rom a 
comparison of the r a t e s  of synthesis: the r a t e  of serotonin synthesis  is 
much higher than that of noradrenaline. 

administration of iprazid is due to  the accumulation of noradrenaline and 
not of serotonin. In our experiments  on rabbi ts  excitation developed 
gradually, and only when the noradrenaline concentration increased  
markedly . 

cannot be explained solely on the bas i s  of brain serotonin accumulation. 
It is possible that the effect of iprazid on nitrogen metabolism is due ei ther  
t o  iprazid itself or t o  i t s  metabolic products. 

We have studied the effect of serotonin on the turnover  of brain proteins  
/ 151. It was found that the in t racran ia l  administration of serotonin t o  
rabbi ts  leads  to  a dec rease  in the r a t e  of methionine incorporation into all 
bra in  proteins. 

Iprazid apparently affects the turnover  of ammonia in the cent ra l  nervous 

It may  be assumed that the absence of change in nitrogen metabolism 

It is thought 1141 that the excitation observed in  animals upon repeated 

All these s tudies  indicate that the effect of iprazid on nitrogen metabolism 
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An increase  in the content of endogenous serotonin, due to  the 
administration of iprazid, leads to a decrease  in the r a t e  of protein 
turnover  (of total brain proteins a s  w e l l  a s  of proteins in the var ious 
subcel lular  f rac t ions) .  Upon the simultaneous administration of iprazid 
and serotonin such a decrease  is even more  pronounced. It may therefore  
be assumed that the effect of iprazid on the turnover  r a t e  of brain proteins 
is the resu l t  of a high serotonin content in the brain.  It is t rue  that iprazid 
a l so  affects the content of noradrenaline, but to a lesser extent. 

Since the serotonin content differs in var ious sect ions of the cent ra l  
nervous sys tem,  w e  thought that it might be of in te res t  to elucidate the 
effect of iprazid on the ra te  of protein turnover in different brain sect ions 
1161. The ra te  of protein turnover was determined by measuring the ra te  
of incorporation of radioactive lysine into brain proteins. It was found 
that under the influence of iprazid, which was adminis tered 17  hours  pr ior  
t o  the determinations, the ra te  of lysine incorporation decreased .  The 
greatest  decrease  in protein turnover  was found in the pons Varolii and the 
tubera quadrigemina. It has a l so  been shown that under the influence of 
iprazid the re  is a selective increase in the permeability of the 
hematoencephalic b a r r i e r  towards radioactive lysine. 

Since the brain contains no glycogen r e s e r v e s  and i t s  chief source  of 
energy  is glucose, we thought that it would be interest ing to  see whether 
the accumulation of monoamines would affect brain carbohydrate metabolism. 

Our s tudies  showed / 171  that a single administration of iprazid produced 
a 2-5-fold increase  in glycogen content in the brain of rabbi ts .  The glucose 
content a l so  increased slightly. A more  marked effect on glucose content 
was found upon repeated administrations of iprazid (for 4 days); the content 
of glycogen also increased .  The activity of hexokinase decreased  slightly. 

Since in rabbi ts  the administration of iprazid leads to an increase  in the 
content of serotonin and noradrenaline, whereas  in ca ts  only the content of 
serotonin increases ,  w e  decided to study the effect of iprazid on glycogen 
and glucose content in cat  b ra ins .  These s tudies  showed that there  was 
an insignificant increase  in glycogen content and a sma l l  increase  in glucose 
content. Hence, the increase in glycogen content in rabbi ts  cannot be due 
only to  the accumulation of serotonin. It has a l so  been shown that when 
serotonin was administered to rabbi ts  intracranial ly ,  no increase  in glycogen 
content was observed. 

nucleotides in the brain 1181. It was found that in rabbi ts  iprazid had 
almost no effect on the content of ATP and ADP. In ca t s  the content of ATP, 
ADP, and GTP increased;  in dogs it decreased  slightly. The in t racran ia l  
administration of serotonin to rabbi ts  brought about an increase  in free 
brain nucleotides. 

brain of dogs and ca t s .  Hexokinase activity and glucose content a l so  
remained unchanged. 

mechanism of iprazid action on the biochemical processes  of the brain 
and on i t s  functional s ta tes .  Neither could they explain the effect of iprazid 
on monoamine metabolism, nor the significance of i t s  inhibition of 
monoamineoxidase. We therefore  studied the effect of another 
antidepressant, t r ans  amine, on these same  biochemical processes .  

We have also studied the effect of iprazid on the content of f ree  

In contrast  to rabbi ts ,  iprazid had no effect on glycogen content in the 

The data  obtained by us were insufficient to explain sat isfactor i ly  the 
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Transamine is also an inhibitor of monoamineoxidase but it not a derivative 
of hydrazine 1191. 

Both iprazid and t ransamine inhibit monoamineoxidase. According to 
ou r  data, iprazid inhibits monoamineoxidase activity in mitochondria by 
80 %, while t ransamine inhibits activity by 70 %. Both monoaminooxidase 
inhibitors br ing about an increase  in serotonin content in dog brain; iprazid 
by 7070’0; t ransamine by 90%.  Noradrenaline content increases  only upon 
the administration of t ransamine.  

Comparative s tudies  on the effect of iprazid and t ransamine on brain 
metabolism (in dogs and rabbi ts)  have shown that the effects of the two 
drugs differ, sometimes in opposed directions. Iprazid br ings about an 
increase  in brain glycogen content, while t ransamine br ings about a 
decrease .  
but r ema ins  unchanged upon the administration of t ransamine.  

nitrogen, whereas  the nitrogen of the labile amide protein groups remains  
unchanged. 
of brain proteins, nor on the amide groups of glutamine. In rabbi ts  both 
iprazid and t ransamine br ing about a decrease in glutamine content. 

Iprazid br ings about 30% increase in ammonia content in dog brain.  
Tansamine has no effect on ammonia content. 

Transamine brings about a decrease  in brain glycogen content, whereas  
iprazid has  the opposite effect. It may therefore  be concluded that the 
accumulation of glycogen after the administration of iprazid i s  not the 
resul t  of monoamineoxidase inhibition but is due to the direct  effect of 
iprazid,  o r  its metabolic products, on carbohydrate metabolism. 

Both of the inhibitors of monoamineoxidase, iprazid and t ransamine ,  
have different effects on the functional s ta te  of the cent ra l  nervous sys tem.  
The administration of iprazid to  dogs brings about a s ta te  of motor  unrest ,  
aggressiveness ,  excitation of the subcortical formations of the brain,  and 
enhancement of bioelectric activity. Transamine causes  fear  and unres t .  
It activates the brain biopotentials and leads to an increased r a t e  of 
respirat ion.  

have .different effects on nitrogen and carbohydrate metabolism of the brain 
and on i ts  functional s ta te .  It may be concluded that they have different 
modes of action and that their  effect on brain metabolism cannot be due 
only to  the inhibition of monoamineoxidase and, indirectly, to the 
accumulation of serotonin and catecholamines. 

of action of iprazid and t ransamine,  or the role  of serotonin and 
noradrenaline in the brain. Fu r the r  neurochemical and  psychopharma- 
cological s tudies  are necessary  in o rde r  to find the common bio- 
chemical denominator underlying the antidepressant activity of these 
neurotropic drugs.  

The development of psychochemistry and psychopharmacology ra i sed  
hopes that the pathogenesis of psychiatric d i sorders  may soon be 
understood; and this  par t icular ly  after the discovery of a la rge  group of 
chemical  compounds which produce var ious symptoms of psychic d isorders .  
These  are known a s  psychomimetic substances.  With the discovery of 
psychomimetic substances i t  was hoped to  obtain experimental  conditions 

Glutamine content decreases  after the administration of iprazid, 

Iprazid brings about a decrease  in the content of glutamine amide 

Transamine has  no effect on the content of labile amide groups 

Thus iprazid and t ransamine,  both inhibitors of monoamineoxidase, 

These investigations a r e  s t i l l  a long way from revealing the mechanism 
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which imitate human psychoses. To  these compounds belong lysergic  acid 
diethylamide, psilocibin, butatenin, and o thers .  

producing only isolated symptoms or elementary syndromes which only 
remote ly  resemble  var ious psychic d i so rde r s .  None of the known 
psychomimetic compounds is capable of producing psychic disturbances 
resembling the common psychoses, such a s  schizophrenia o r  manic- 
depressive psychosis. It is therefore  c lear  that the role  of these compounds 
in s tudies  on the pathogenesis of psychoses was gross ly  overest imated.  

neurochemical  and psychopharmacological s tudies .  Fur ther  studies on the 
effect of these drugs on the biochemistry of the cent ra l  nervous sys tem 
and the functional s ta tes  of the brain undoubtedly may be of great  ass is tance 
in the fields of neurochemistry, psychopharmacology and psychochemistry. 
The investigation of psychomimetic drugs should therefore  be continued. 

s torage and r eca l l  of previously acquired information. We cal l  this process  
memory .  Man would be unable to exist without memory.  A l l  human 
behavior is determined by memory and experience.  The problem of what 
is memory  and what is the mechanism of i t s  expression remains  unsolved. 

memorization - this i s  ap rocess  whereby a sys tem passes  f rom one s ta te  
(section of the brain)  into another; the second is the stabilization of the 
n e w  s ta te  of the sys tem,  in other words, the imprint ing of the new 
information; and the third is what we present ly  cal l  recollection - th i s  is 
the utilization of the imprinted information. 

The s torage and r eca l l  of information may a r i se  f rom a number of 
changes: physical changes in the nerve cel ls ,  changes in the complex 
network of nerve f ibers  and synapses  which connect the cel ls ,  and chemical  
changes in subcellular components. 

memory  is due to mechanical changes in the form and s ize  of nerve ce l l s .  
The discovery by Ee rge r ,  in 1920, that the brain possesses  e lec t r ica l  
activity led to  the e lec t r ica l  theory of memory .  This  theory was discredi ted 
by Leslie, in 1940, who showed that the mechanism of memory  i s  based 
on fine chemical  changes in various components of the nerve cell .  Such 
changes must sat isfy two conditions: the ce l l  components must be extremely 
s table ,  and their  s t ruc ture  should be such a s  to allow a large number of 
t ransformations.  

and proteins. DNA c a r r i e s  the genetic code. RNA molecules a re  formed 
on DNA templates  and then se rve  a s  templates  for  protein synthesis .  
Since the memory acquired during a lifetime is not passed on to future 
generations, memory  cannot be formed a s  a resu l t  of intracel lular  changes 
in DNA. This  means that nerve cel ls  s t o r e  memory  through changes in the 
RNA-protein complexes. 

and o thers .  Hyden showed that nerve cells contain extremely large amounts 
of RNA - ten t imes  more  than glia cells. The RNA of nerve cel ls  differs 
f rom that of glia-cell RNA. Synthesis and decomposition of RNA in nerve 
ce l l s  proceed at a high r a t e .  On the bas i s  of these resu l t s  Hyden assumed 
that RNA is somehow involved in the s torage of information (memory) .  

Careful  s tudies  have shown, however, that these drugs a re  capable of 

Nevertheless ,  these compounds have not been fully utilized in 

One of the most important functions of the higher brain sect ions is the 

The word "memory" unites three separa te  concepts: the f i r s t  i s  

At the beginning of the 20th century the prevailing theory was that 

Only three  cel l  components sat isfy these requirements:  DNA, RNA, 

This  hypothesis was confirmed by the s tudies  of Dingman and Sporn. 

126 



From the biochemical point of view there  is nothing impossible in Hyden's 
hypothesis. The  hypothesis requi res  the existence of RNA molecules, 
acting a s  templates  for  protein synthesis, which w i l l  r eac t  to  cer ta in  s ignals  
appearing in the cell.  

The fact that R N A  plays an important ro le  in the activity of the higher 
sect ions of the nervous sys tem has already been s t r e s sed .  According to  
the data obtained by us  and other investigators the ce reb ra l  cortex, the 
most highly organized par t  of the central  nervous system, has  the highest 
RNA content. The re  is no doubt that proteins a lso play an important specific 
ro le  in higher nervous activity. 

that the mechanism of memory  is based on changes in the s t ruc ture  and 
nucleotide composition of RNA, with the subsequent formation of specif ic  
proteins. 

I-Iyden /20 /  studied the nucleotide composition of RNA f rom the nuclei 
and cytoplasm of Dei te r ' s  cel ls  in t ra ined r a t s .  The r a t s  w e r e  t ra ined to  
maintain equilibrium on a thin metallic rod. He found that no changes 
occurred in the composition of the cytoplasmic RNA, a s  compared with 
control animals ,  but that the nuclear RNA of trained r a t s  w a s  r icher  in 
adenine and poorer  in uraci l .  The A/U ra t io  changed from 1.06 t o  1.35. 
At the same  t ime the total amount of RNA increased.  The t ra ining of r a t s  
was accompanied by a synthesis  of specific RNA with a specific nucleotide 
sequence. Thus,  the neurons of trained r a t s  differed biochemically f rom 
those of control  r a t s .  

Hyden /21/  a lso studied the content and nucleotide composition of RNA 
i n  Dei te r ' s  and adjacent glia ce l l s  of t ra ined r a t s .  He found that both in 
glia cel ls  and in neurons the total  content of adenine increased,  while that 
of cytosine decreased.  The r a t io  of adenine to  urac i l  ( A / U )  increased 
f rom 1.32 to  1.52. 

participate in the t ra ining process ,  showed no changes in the nucleotide 
composition of RNA. 

involved in the t ra ining process  a r e  highly specific. The fact that glia 
ce l l s  reac t  in the s a m e  way a s  neurons is not surpr is ing.  It is known that 
these two types of cel ls  comprise  a single functional unit. 

Hyden assumed that glial RNA is responsible for short-lived memory,  
s ince the branched membranes of glia a r e  w e l l  adjusted to  rapid processes .  
The RNA of neurons may be responsible for the s torage of information. 
The  investigations of other scient is ts  a l so  confirmed the importance of RNA 
in the s torage of information. 

Tongur confirm the hypothesis that RNA is the molecule which codes for  
memory.  He has  found that when ribonuclease is injected into the brain of 
t ra ined mice,  the mice forget their  training. These resu l t s  may be explained 
in  the following way: the new RNA which is synthesized in the brain of mice 
during training is destroyed by ribonuclease. This  leads to  the loss of 
me mor  y . 
which RNA code is responsible f o r  memory,  how are nervous impulses  
t ransformed into biochemical react ions which lead to  the synthesis  of 

The high RNA content of nerve ce l l s  led Hyden to  propose the hypothesis 

It is of interest  that nerve cells of the ret icular  formation, which do not 

Hyden's experiments  show that the changes occurr ing in the RNA of ce l l s  

The experiments  which have recent ly  been conducted in the USSR by 

It is t rue  that th i s  problem is yet far f rom being solved. We do not know 
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specific RNA, what is the mechanism of memory,  and what is the ro l e  of 
proteins .  T o  solve these problems fur ther  systematic  studies are needed. 

However, biochemistry (and especial ly  molecular  biochemistry) is 
progress ing  v e r y  rapidly and we hope that many of these problems will  be 
solved in the near  future.  What is needed is hard  work and the,belief in 
success .  
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